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ABSTRACT

This dissertation reports the use of in utero optical coherence tomography to evaluate
changes in vasculature in a developing murine fetal brain caused due to prenatal exposure to
teratogens. Embryogenesis is a highly complex process that is extremely vulnerable to external
factors. Proper visualization of embryonic development is crucial to understand the basic
physiological processes and identify defects if any. This dissertation is divided into two major
sections: 1) assessing teratogen induced changes in the murine fetal brain vasculature during
the second trimester equivalent period (chapters 2-4) and 2) combining optical coherence
tomography with Brillouin microscopy to image and evaluate changes in biomechanical
properties during neural tube closure in order to study first trimester exposure to teratogens
(appendix A3). The first section is further divided into the following sub-sections: 1) assessing
alcohol induced changes in murine fetal brain vasculature, 2) assessing nicotine induced
changes in murine fetal brain vasculature, and 3) assessing synthetic cannabinoid (SCB)
induced changes in murine fetal brain vasculature. The advancement of algorithms to image
and detect minute changes in vasculature are also detailed. The contributions of this work are
significant to understand the effects of teratogens on development, as blood flow plays a major
role in embryogenesis. Understanding the acute changes in vasculature caused within minutes
of maternal exposure to a teratogen can open several new avenues to explore as blood flow
drives organ development. Results from this dissertation have been published in 7 first author

peer-reviewed publications.
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Chapter-1 Introduction

This chapter introduces the work presented in this dissertation. The chapter starts
with a brief explanation of embryogenesis and explains the need for imaging embryonic
development, with a brief overview of all the techniques that have been used over the years.
Since this work focuses on the use of optical coherence tomography, a summary of optical
coherence tomography and its use in imaging embryonic development is also provided.
The chapter concludes with the techniques used in this dissertation and an overview of the

organization of this dissertation.

1.1 Embryogenesis

Embryogenesis is a highly complex and dynamic process. Understanding this
process is highly interdisciplinary and involves several aspects of science including cell
biology, biophysics, and engineering. Similar to the importance of basic processes involved
in development, even the asymmetric placement and development of different organs in
the body is of immense significance [1]. A slight change in the process can lead to
congenital abnormalities, which are one of the main causes of infant mortality and have
long term effects on quality of life. Present in about 3% of newborns, approximately
120,000 babies are affected annually because of congenital defects [2, 3]. This emphasizes
the need to study and understand the basic processes involved in embryogenesis.

Several animal models have been developed to study embryonic development at
different gestational stages. The murine model is well-preferred because of its close

resemblance to human development and because numerous mutant models have been



developed that are closely associated with human diseases. These models have helped
improve our understanding of not only development, but also disease progression and
therapeutics. The total gestational period of a mouse is approximately 21 days. The first 10
days is considered the first trimester equivalent to humans, the second 10 days is the second
trimester equivalent to humans, and the first 10 days after birth is considered the third
trimester equivalent to human gestation. The process starts with fertilization, which occurs
in the ampulla of the oviduct. This is followed by cleavage and blastulation of the fertilized
egg. While cleavage refers to the mitotic cell divisions of the single cell zygote,
blastulation refers to the formation of the blastula. The blastula is a spherical structure that
consists of approximately hundreds of cells. The outer layer of the blastula is the
trophoblast and the hollow inside of this sphere consists of a small group of cells called the
inner cell mass (ICM) while the rest is filled with fluid. The trophoblast develops into the
chorion and the placenta of the fetus, while the ICM develops into the fetus. Both cleavage
and blastulation occurs as the fertilized zygote travels to the uterus via the fallopian tube.
These processes occur between gestational day (GD) 0 and GD 4.0 in mice [4]. At GD 4.5
implantation occurs at the uterus [5] and immediately after, the process of gastrulation

starts.
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Figure 1.1 Development of a human embryo from fertilization to implantation. Adapted from [6]

Gastrulation [6] is the process by which the ICM forms the three basic germ layers:
ectoderm, mesoderm, and endoderm. This is the step which decides the overall body plan
[7]. Organogenesis begins right after gastrulation and the cardiovascular system is the first
system that begins to develop. While the heart tube forms as early as GD 6.5, by about GD
8.0 the heart tube starts to contract [7-9]. For the first few hours plasma is circulated
through the vascular system, and then blood cells from the blood islands start circulating,
as the contractions get stronger. Within the next few hours, the fetus turns, the heart loops,
and blood flow becomes stronger. A simple circulatory loop consisting of the heart, dorsal
aorta, yolk sac plexus, and sinus venosus is set up at this time [10-12]. This marks the start
of angiogenesis in the developing fetus, which includes the formation of new vessels
through the remodeling of already existing vessels. Angiogenesis is dependent on both
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genetic factors and the hemodynamic forces acting on the tissue [13, 14], and plays a
crucial role in organogenesis. Thus, it is extremely important to understand the process of
angiogenesis and any abnormalities that may occur during this process.

The next major process of fetal development is neurulation. Neurulation is the
process which forms the neural tube, which in turn forms the brain and most of the spinal
cord at a later developmental stage [15]. The central nervous system (CNS) is one of the
earliest systems to start developing and the last to be completed, after birth. Since the CNS
development starts very early on and lasts through the entire pregnancy, this system is
extremely vulnerable to the effects of teratogens, in utero [16]. The CNS starts to develop
as a simple neural plate that folds to form a neural groove and finally closes to form a
neural tube. This process of neural tube closure is extremely important and its failure results
in neural tube defects, such as spina bifida [17-20]. The process of neural tube closure is
one of the most important parts of fetal development as the development of the CNS is
entirely dependent on it. Neural tube closure occurs in the first trimester of pregnancy, and
appendix A3 of this dissertation details techniques that have been developed as a part of
this dissertation to image first trimester exposure to teratogens, particularly the effects on
neural tube closure biomechanics.

The end of the first trimester and the start of the second trimester marks the
beginning of brain development. During this period, a network of blood vessels in the
subarachnoid space give rise to microvessels that invade the fetal brain [21] and the neural
stem cells generate most of the neurons of the brain. While appendix A3 focuses on

imaging first trimester exposure, a significant portion of this dissertation (chapters 2-4)



focuses on evaluating changes in brain development, particularly angiogenesis, due to

exposure to teratogens in the second trimester.

1.2 Imaging embryonic development

Advances in genetic engineering have led to a plethora of genetically manipulated
animal models that have revealed the genetic bases for a number of diseases. However,
phenotypic information is just as important, but is not well-documented [22-25]. Hence
there is a need for noninvasive, rapid, and high-resolution imaging modalities to expand
our understanding of embryogenesis and aid the development of effective therapeutics.

Histological staining was one of the first methods used to image embryonic
development. It has always been the gold standard for phenotypic analysis, but is invasive,
time consuming, and requires a large litter size at each developmental stage. Apart from
this, the necessity to fix tissues can significantly alter the gross morphology and appearance
of the tissue [26, 27]. Noninvasive imaging modalities can overcome some of these
limitations and could potentially perform live imaging of embryos. Consequently, several
noninvasive imaging modalities have been used to image embryonic development
including confocal microscopy, ultrasound biomicroscopy (UBM), micro-magnetic
resonance imaging (micro-MRI), and micro-computed tomography (micro-CT) [28].
However, each has their own set of advantages and disadvantages. Despite its high-
resolution capabilities, confocal microscopy is not suited for high-throughput live
embryonic imaging because of its insufficient imaging depth and the requirement of
fluorescent markers [14, 29, 30]. With a penetration depth of few centimeters, UBM is a

powerful imaging technique, but its limited spatial resolution of 30 to 100 pm makes it



unsuitable for imaging fine structures and processes, particularly in early stage embryos.
Imaging fine structures, such as microvessels, and processes is very important, especially
when imaging small animal embryos, for example, embryonic cardiovascular
investigations [31, 32]. Micro-MRI can also achieve similar high spatial resolutions of 25
to 100 um [33-35]. However, long acquisition times needed for sufficient contrast in thin
embryonic tissues (hours) restrict the use of micro-MRI for live embryonic imaging.
Although micro-CT offers a high spatial resolution of 2 to 50 um, the use of external
contrast agents and ionizing radiation may be toxic for embryos and hence makes it
unsuitable for imaging live embryos and for longitudinal studies [36-38]. Optical
projection tomography (OPT) is a relatively new technique for 3D imaging of embryos
with very high spatial resolutions of 1 to 10 um. However, the need for tissue fixation and
optical clearing makes it unfeasible for live embryonic imaging [26, 27, 39]. Selective
plane illumination microscopy (SPIM) is a technique capable of providing
multidimensional, high resolution images of embryos. Although a number of studies have
been performed on zebrafish and medaka fish embryos [40, 41], and murine embryos [42],
live embryonic imaging using SPIM is difficult as embedding the embryo in agarose is
essential to prevent motion of the sample.

In the past decade, optical coherence tomography (OCT) has been developed and
used for live 3D imaging of different embryos with high spatial and temporal resolutions.
Initially developed for imaging the retina in 1991 [43], OCT is now widely used in clinical
ophthalmology [44], and other fields [45]. Due to its ability to provide noninvasive cross-
sectional images of a specimen with high spatial and temporal resolutions, OCT is rapidly

gaining momentum over other imaging modalities for imaging developing embryos due to



its high speed, noninvasive nature, high spatial resolution, superior contrast, and the rapid

development of functional extensions [46-49].

1.3 Optical coherence tomography

OCT is a low coherence interferometric technique capable of label-free,
noninvasive, and depth-resolved imaging of tissues with micrometer-scale spatial
resolution [43]. Often referred to as the optical analog of ultrasound, OCT uses
backscattered light from different layers of the sample to obtain depth-resolved
information. Due to the high speed of light, the direct time delay cannot be used to detect
backscattered photons from various layers of the sample like in the case of acoustic echoes
from ultrasound imaging. Hence, low coherence interferometry (LCI) is used to measure
the echo delays between the backscattered light coming from different layers. OCT
provides micrometer-scale spatial resolution and an imaging depth of up to 2 millimeters
in tissue. Since its introduction, OCT has been used in various fields such as,
ophthalmology [50, 51], dermatology [52], cardiology [53, 54], dentistry [55], and cancer

imaging [56-58].

1.3.1 Time-domain OCT (TDOCT)

OCT was first introduced as a time-domain system (TDOCT). Figure 1.2 shows a
schematic of a TDOCT system. TDOCT is an extension of LCI [59] and was first used to
noninvasively image the retina in 1991 [43]. In its basic configuration, light from a

broadband source is split and sent to the sample and reference arms in a Michelson-type



interferometer. The backscattered light from the sample interferes with the light reflected
from the reference arm, which has a known time delay. Due to the low coherent nature of
the light, only depth information from the sample that matches the optical path length of
the reference arm within the coherence length of the laser source, which is the axial
resolution in OCT, is captured. Thus, a complete axial scan (A-scan or A-line) is obtained
by translating the reference mirror. The 3D imaging is traditionally accomplished by
scanning the beam across the samples in the x and y directions using galvanometer
mounted mirrors. The primary disadvantage of TDOCT is long acquisition times due to the
motion of the reference mirror needed to get depth information and reduced sensitivity as

compared to Fourier domain OCT.

Low Coherence Reference
Source Mirror
e —
—>
Coupler Scanners
K
Detector ~ ‘>

T
Sample

Computer

Figure 1.2 Schematic of a typical TDOCT system.
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1.3.2 Fourier-domain OCT (FDOCT)

FDOCT was introduced by Fercher et al. in 1995 [60]. FDOCT has several
advantages over TDOCT, including a simpler construction, higher speed, and significant
signal-to-noise ratio (SNR) improvement [61-63]. FDOCT obtains a single depth-resolved
A-scan without modulating the reference arm by capturing spectral information. FDOCT
can be further classified into two types: spectral-domain OCT (SDOCT) and swept-source

OCT (SSOCT).

1.3.3 Spectral-domain OCT (SDOCT)

An SDOCT system is like a TDOCT system, where the light source is split and sent
to the sample and the reference arms, and the backscattered light from the sample and the
reflected light from the reference arm interfere. Instead of a photodetector in the case of a
TDOCT, a spectrometer (most commonly a combination of a diffraction grating, focusing
lens, and CCD array) is used to capture the spectrum of the interference pattern. A single
A-scan is obtained by performing a Fourier transform on the spectrally encoded
interference pattern. Thus, in SDOCT, an entire depth-resolved A-scan is obtained at once,
which is unlike TDOCT where depth information is obtained by scanning the reference
arm. The most commonly used light sources in SDOCT systems are superluminescent
diodes. These are readily available in several central wavelengths, bandwidths, and power
ranges. Compared to traditional SSOCT systems (described in the next section), SDOCT
systems are of lower costs, are much simpler, and have superior intrinsic phase stability.

Figure 1.3 shows a schematic of a SDOCT system.
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Figure 1.3 Schematic of a typical SDOCT system.

1.3.4 Swept-source OCT (SSOCT)

SSOCT systems utilize a swept-source laser, which sweeps through multiple
wavelengths over time. Instead of using a spectrometer to obtain the spectrum of the
interference pattern, an SSOCT system uses a balanced photodetector. Since the laser
sweeps through the different wavelengths over time, the spectral information is encoded in
time, rather than in space as in the case of an SDOCT system. The A-scan, in the case of
SSOCT, can be reconstructed by performing FFT on the fringe, exactly the same as in
SDOCT. SSOCT systems are capable of imaging much faster when compared to traditional
point-scan SDOCT systems. Studies with A-scan rates of 30 MHz and even 100 MHz have

been reported [64, 65]. These high imaging speeds have enabled volumetric imaging at

10



video rates greater than 30 volumes per second [66]. Recent studies have used ultrafast
detectors, thus performing very large imaging volumes (up to meters®), while maintaining
the micrometer-scale spatial resolution. Since most systems use light sources of higher
central wavelengths, deep tissue imaging is one of the main advantages of SSOCT. Due to
the necessity of synchronization between the source and the detector, jitter can limit the
phase stability of an SSOCT system compared to SDOCT systems. Over the years several
techniques have been used to reduce this jitter including the use of a fiber Bragg grating
(FBG), which enabled optical synchronization instead of electronic synchronization [67,

68]. Figure 1.4 shows a schematic of a SSOCT system.
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Figure 1.4 Schematic of a typical SSOCT system.
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1.4 OCT for embryology: Progress over the years

OCT has shown immense potential for embryonic imaging mainly due to its ability
to perform noninvasive depth resolved imaging, rapid acquisition speeds, and high spatial
resolutions. Over the years, several functional extensions of OCT have been developed to
extend its use from mere structural imaging to functional imaging. Some examples include,
Doppler OCT [69, 70], optical coherence elastography (OCE) [71, 72], polarization
sensitive OCT (PSOCT) [73, 74], second harmonic OCT [75], and angiographic OCT [76,
77]. While a detailed account of the use of different types of OCT and the use of different
functional extensions of OCT in embryology can be found in Raghunathan et al. [78], this
section of the dissertation will focus on a summary of the progress in use of OCT for
embryology over the years and will conclude with an explanation of angiographic OCT,

which is mainly used in this dissertation.

1.4.1TDOCT

Early investigations with OCT involved studying morphological changes in Rana
pipiens, Branchydanio rerio, and Xenopus laevis [79]. These initial investigations were
performed using a TDOCT system. Cross-sectional OCT images of R. pipiens tadpoles
were compared to histological sections and showed the potential of OCT as a tool for
noninvasive “optical biopsy” of embryos. Sequential imaging of a developing zebrafish
was performed over time along the same cross-section, proving that OCT is capable of
longitudinal in vivo imaging. The ability of OCT to distinguish between normal and
abnormal morphology was also demonstrated by comparing OCT images of normal and

abnormal X. laevis to corresponding histological sections [80]. These early investigations
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showed that OCT imaging eliminated the need to sacrifice the embryos for analysis and
was less time consuming than standard histological sectioning [81, 82].

Although several imaging modalities were available to image the adult heart, tools
to study the developing embryonic cardiovascular system, in vivo, were not well-
developed. OCT overcame the limitations of other imaging modalities and proved to be
capable of noninvasively investigating the structure and function of in vivo embryonic
hearts with high spatial and temporal resolution. OCT was first used for imaging the
developing cardiovascular system by Boppart et al. [83]. In this study, in vitro and in vivo
investigations were performed. In order to reduce the acquisition time, several different
modifications were made to the system. The limitations of this study opened avenues for
the assessment of other cardiac parameters such as cardiac output and flow velocity through
the obtained optical measurements. Subsequent studies worked on different technological
advancements as well as other quantifications to analyze cardiac development [84-89].

As mentioned earlier, since blood flow plays a major role in several developmental
processes [90-93], understanding blood flow velocities during development was
hypothesized to reveal the basis of various diseases and defects. For this purpose, Doppler
OCT, a novel functional extension of OCT was introduced in 1997 [69, 70, 94]. Over the
next few years, several advancements were made to combat every limitation that provided
setbacks [95-97]. One such important advancement was the introduction of gated imaging.
Due to the longer acquisition times of TDOCT systems, motion artifacts appeared during
functional imaging of the heart. Gating was introduced to minimize these artifacts. Defined
as image acquisition synchronized to the heart cycle, gated cardiac imaging was able to

provide sufficient data to produce 3D images of the beating heart without motion artifacts,
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thus helping in evaluating and analyzing parameters, such as ejection fraction and stroke
volume [98, 99]. Lastly, TDOCT was also used in the phenotyping of transgenic embryonic

murine hearts [100].

1.4.2 FDOCT

The sensitivity and speed of OCT was significantly increased with the introduction
of FDOCT [61-63]. This facilitated the use of OCT for embryonic imaging in several
animal models ranging from worms to zebrafish to mice.

The first use of SDOCT in embryology was in 2008, to perform the first in vivo 3D
imaging of zebrafish embryos [101]. This investigation showed the potential of SDOCT to
perform longitudinal studies and distinguish developmental defects in mutants,
demonstrating the potential of OCT to detect developmental changes at a microstructural
level. SDOCT was also used to image developmental defects in zebrafish embryos due to
ethanol exposure [102]. The first multimodal imaging of embryos involving OCT was
demonstrated by Bradu et al. [103]. In this study, SDOCT was combined with laser
scanning fluorescence microscopy (LSFM). While SDOCT provided depth-resolved
structural information at once, LSFM was used to collect fluorescence emission from a
broad depth. Complementary information from both the techniques provided more specific
and sensitive information. As in the case of TDOCT, several advancements were made in
the subsequent years in terms of optics [104], using functional extensions of OCT [105],
quantifying parameters [106-111], and techniques to accommodate the new parameters for

quantifications [112]. SDOCT was used for differentiating between mutants and controls
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[113] like TDOCT and was also used for new applications such as image-guided
microinjections [114].

First studies of embryonic development using SSOCT were performed in 2009,
where 3D structural imaging of live embryos at different stages were performed [115]. In
2011, the first in utero imaging using SSOCT was performed [116]. This provided a way
to image live embryos at later stages of gestation using OCT. Using this protocol, the
development of several different organs was studied including the limbs, eye [117, 118],
and most importantly the brain. This method of brain imaging was used for the first time
to show the effects of ethanol exposure on the developing brain using OCT [119]. Similar
to TDOCT, and SDOCT, functional extensions like Doppler OCT [120, 121], and speckle
variance OCT [122, 123] were also developed for SSOCT. In addition to technological
advancements such as the use of Fourier domain mode-locked lasers to provide ultrahigh-
speed imaging [66, 124-130], several different post processing algorithms were also
introduced to improve image acquisition and to produce higher quality images [131-133].
New techniques to broaden the application of OCT to image developing embryos were also
proposed. One such example was rotational imaging optical coherence tomography (RI-
OCT) [134], where 3D structural imaging was performed at four different angles with an
interval of 90 degree between each angle. The images from the different angles were
combine during post processing. This eliminated the problem of insufficient imaging depth
at certain gestational stages due to light attenuation.

The next section of this chapter discusses angiographic OCT, which is the main

technique used in the work presented in this dissertation.
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1.4.3 Angiographic OCT

Angiographic OCT is a functional extension of OCT used to visualize blood vessels
[77, 135]. The main principle behind angiographic OCT is to use the variation in signal
caused by moving particles in the blood to provide contrast (motion contrast) for imaging
[76, 136]. For example, when imaging any organ or tissue with blood flow, there are two
types of OCT signals obtained. One is the signal obtained due to backscattering from the
static tissue (structural tissue) and the other is obtained due to backscattering from the
moving particle. When imaged over time, the signal from the structural tissue remains the
same as it is stationary. However, the signal from the moving particles changes over time.
Hence, during imaging, multiple images are recorded over time, at the same spatial
position. The temporal changes in the OCT signal caused by the moving particles provide
the contrast for the angiographic OCT image, hence aiding in isolating the vasculature from
the background tissue.

As mentioned earlier, the OCT signal is obtained by performing a fast Fourier
transform on the spectral interference pattern. Thus, the OCT signal is a complex signal
(after Fourier transform), and hence, is composed of amplitude or intensity information
and phase information. Depending on which of these components is used, angiographic

OCT can be divided into three categories:

1. Intensity signal-based angiographic OCT (Example: speckle variance OCT)
2. Phase signal-based angiographic OCT (Example: Phase variance OCT)
3. Complex signal-based angiographic OCT (Example: correlation mapping

optical coherence angiography)
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Of these, this dissertation uses two types of angiographic OCT: a) intensity signal-
based speckle variance OCT (SVOCT), and b) complex signal-based correlation mapping

optical coherence angiography (cm-OCA).

1.4.4 Speckle variance OCT (SVOCT)

SVOCT was introduced to overcome the main disadvantage of Doppler OCT,
which was the Doppler angle dependency and hence insensitivity to flow in a direction
perpendicular to the scanning beam [137]. Speckle is a random interference pattern cause
by light from mutually coherent sources with random phases that have been scattered
multiple times [138]. Since speckle is a random phenomenon, it is usually described by its
statistical properties. Speckle appears as bright and dark spots and has mostly been
considered a source of noise as it tends to degrade the contrast of an image. However,
speckle can also be used to provide information about tissue structure and flow [138-140].

Since speckle arising from dynamic scatterers decorrelates faster than speckle
arising from static scatterers, by calculating the variance between several OCT images
recorded in the same spatial position over time, tissue microvasculature can be mapped

using a simple algorithm:
1 -
SVi.j = ﬁzlt\,:Ol(Ii,j,t - Ii,j,mean)za (1)

where SV; ; is the variance at the pixel (i, j). I; j . is the structural image intensity at pixel
(i, J) at time t. I; j meqn is the mean of intensity values at pixel (i, j) of all N values. SVOCT

is sensitive to both transverse and axial components of blood flow, unlike Doppler OCT.
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1.4.5 Correlation mapping OCA (cm-OCA)

With a concept similar to SVOCT, correlation mapping OCT is a technique that
calculates the correlation coefficient between multiple B-scans at the same location. Flow
regions show lower correlation coefficient compared to the static regions that show higher
values, hence distinguishing microvasculature from tissue. Correlation based methods, like
SVOCT, are sensitive to the mobility of scatterers and less sensitive to the Doppler angle.
Methods based on both intensity and complex signal have been used. However, methods
based on the complete complex information have provided superior vasculature contrast as
the correlation coefficient calculated becomes less sensitive to environmental motion [141,
142]. Despite these advantages, complex correlation-based OCT, still suffers from two
major problems: a) reduced SNR, and b) variance of the estimated complex correlation
coefficient due to low SNR. For example, just like motion, low SNR can also lead to a low
correlation coefficient, hence depicting high flow signal. To solve this problem several
studies have used intensity-based methods to remove the low SNR regions. However,
above the set intensity threshold, this problem still persists. Variance of the estimated
correlation coefficient, dependent on the changing SNR, is another factor that can reduce
the contrast of the vasculature maps. This is a problem that could arise due to involuntary
sample motion during live imaging that causes decorrelation and artifacts.

To overcome these disadvantages, Makita et al. [142], in 2016, proposed cm-OCA,
in which the signal was derived using the SNR-corrected low-noise complex correlation.
The computed correlation values were independent of the SNR decay along depth. In
addition, complex averaging was used to mitigate the motion effects and hence higher

angiographic contrast was achieved when compared to intensity-based methods.
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The imaging procedure is similar to SVOCT, where a spatial position is scanned
multiple times and the average temporal correlation is calculated instead of the variance.
The SNR-dependent artifacts are corrected using temporal variance of the background
noise. The work in the dissertation followed a similar algorithm to Makita et al. [142] for
c¢cm-OCA and Sudheendran et al. [122] for SVOCT. More information on the exact
procedure followed in this work can be found in the section titled “Imaging,

quantifications, and statistics” in each of the individual chapters.

1.5 Prenatal substance abuse

As mentioned earlier, the process of embryonic development is highly vulnerable
to the effects of teratogens. While the fetus can be exposed to teratogens in different ways,
one of the most common ways is prenatal substance abuse. Prenatal substance abuse is a
major public health concern [143]. In the United States, the most commonly abused
substance is nicotine, followed by alcohol, cannabis, and other illicit substances [144, 145].
Most of these drugs are known to cross the feto-placental barrier and hence is known to
cause detrimental effects not only to the mother but to the developing fetus as well [146].
The effects of several different drugs on the human fetus has been studied for many decades
now. For example, the effects of prenatal cigarette use have been studied since the 1960s
[147], the effects of ethanol and opiate use has been studied since the 1970s [148-150], and
the effects of various other illicit drugs have been studied since the 1980s [151-153].

In the United States, 40% of women are known to live with a lifetime drug use
disorder [154]. Most importantly, women in their reproductive years (18-44), especially

between the ages of 18-29 are more susceptible to developing a substance abuse disorder
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[155]. This combined with the prevalence of unplanned pregnancies in the United States,
increases the risk of prenatal substance abuse. In 2012, 8.5% of pregnant women reported
alcohol use, 15.9% reported cigarette smoking, and 5.9% reported the use of illicit
substances. This resulted in a total of 380,000 babies being exposed to illicit substances,
over 550,000 being exposed to alcohol, and over one million exposed to tobacco in utero.
Similar patterns were seen in other regions like Europe [156] and Australia [157]. As far
as low- and middle-income countries are concerned, there is relatively less information on
the prevalence of substance abuse during pregnancy. The overall prevalence of tobacco use
in such countries was reported to be 2.6%, with some countries having higher rates of up
to 15% [158]. Although information is scarce, according to the World Health Organization,
cannabis is the most commonly abused substance in these countries. The prevalence of
alcohol use in South Africa is 19.6% and the prevalence of illicit drug use is anywhere in
between 3.6 and 8.5% [159].

Several studies have reported that some pregnant women have quit their substance
abuse during pregnancy after learning about the harmful effects it can have on the fetus
[160]. However, this is offset by the increase in rates of relapse, postpartum [161].
Unfortunately, most of these drugs are also known to pass through breast milk, thus
increasing their chances of exposure even after birth. The human brain is not fully
developed until well into adolescence, thus, a relapse into drug abuse postpartum, definitely
poses significant harm to the developing brain.

The different effects that have been reported due to individual drugs have been

described in the respective chapter introductions.
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1.6 Organization of the rest of this dissertation

Most of this dissertation (chapters 2-4) has been divided based on the different
teratogens that have been studied.

Chapter 2 shows the acute effects of maternal exposure to alcohol on developing
fetal brain vasculature evaluated using in utero angiographic OCT. The results presented
in this chapter, starts of with a single dose study that was initially tested to simulate binge
drinking. Then, a dose response curve is plotted to show the effects of two other doses of
alcohol. Finally, angiographic OCT was also used to distinguish between the changes in
the vasculature of the mother and the baby simultaneously after maternal exposure to
ethanol.

Chapter 3 depicts results from prenatal exposure to nicotine. Similar to chapter 2,
acute changes in developing fetal brain vasculature was evaluated when the mother was
administered pure nicotine. Again, first set of results shown are from a dose of 1 mg/kg
that is known to cause intrauterine growth restriction in the fetus. This was followed by
results from a lower dose (0.1 mg/kg). This dose is equivalent to what is achieved by an
average human smoker.

Chapter 4 shows results from synthetic cannabinoid studies. Since this is a
relatively new area of research, as of now, we have tested only one dose of the synthetic
cannabinoid CP-55,940.

Chapter 5 summarizes the work of the first part of this dissertation along with a
discussion of future work and limitations.

The second part of this dissertation is described in Appendix A3. This part

demonstrates the use of OCT, combined with another optical imaging modality called
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Brillouin microscopy to evaluate stiffness changes in a developing fetus. The final goal of
this work is to image changes in fetal development caused due to exposure to teratogens in
the first trimester. This section summarizes results from two studies performed to evaluate

changes in stiffness of fetal tissue as the fetus develops.
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Chapter-2 Assessing alcohol induced fetal brain vasculature changes

In this chapter, acute changes in murine fetal brain vasculature caused by prenatal
exposure to ethanol were assessed using in utero angiographic OCT. A home-built SS-
OCT system was used to image the fetal brain and a post processing algorithm was used to
create the vasculature maps. Results showed a significant decrease in vessel diameter
minutes after maternal ethanol consumption, suggesting a possible decrease in blood flow
to the developing brain during the peak period of fetal neurogenesis and angiogenesis. A
dose response curve is plotted depicting results from two other doses of ethanol. Finally,
acute vasculature changes that occur in the mother are compared to the changes that occur
in the fetus when the mother is administered ethanol.

2.1 Introduction

No amount of alcohol is considered safe during pregnancy. Despite this being a
constant warning, alcohol consumption during pregnancy is common. Prenatal exposure to
alcohol, in any amount, is known to significantly damage the developing fetus and cause
congenital defects. In 1973, fetal alcohol syndrome, was an official term given to a group
of defects caused by exposing the developing fetus to alcohol [149]. Since then, research
has shown that prenatal exposure to alcohol causes a broad range of developmental defects
and was then given a general name. Fetal alcohol spectrum disorders (FASD) refers to a
range of abnormalities caused by prenatal alcohol exposure (PAE) [162]. This includes
physical, behavioral, and cognitive defects. The neurocognitive and behavioral problems
are known to be lifelong issues. Early detection, diagnosis, and therapy have resulted in

improved outcomes. Some of the different diagnoses under FASD include:
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1. Fetal alcohol syndrome (FAS)

2. Partial fetal alcohol syndrome

3. Alcohol-related birth defects (ARBD)

4. Alcohol-related neurodevelopmental disorder (ARND)

5. Neurobehavioral disorder associated with prenatal alcohol exposure (ND-

PAE)

The estimated global prevalence of FASD is 22.7 per 1000 births, and regional
estimates can vary from 33.5 per 1000 births in the United States to 113.22 per 1000 births
in South Africa [163]. In general, 15% of all pregnancies end in spontaneous abortions, but
this number is as high as 45% for women who are heavy drinkers [164]. Comparing rates
of still birth, the number is said to be six-times greater when exposed to alcohol than the
normal population [165]. The severity of the effect depends on a variety of factors, but
most importantly, the amount of alcohol consumed and the period of gestation during
which alcohol was consumed. Other factors that can potentially increase the severity of the
defect include smoking, environmental toxins, and socioeconomic factors [166].

Due to the prevalence of unplanned pregnancies in the United States [167], and
binge patterns of alcohol consumption [168], PAE in the first trimester is common.
However, many women continue to consume alcohol well into their second trimester of
pregnancy [169]. The second trimester marks the peak period for fetal neurogenesis and
angiogenesis. The majority of neurons of the adult brain are born during this period [170].
Although PAE has its effects on different organ systems, the CNS is affected the most due
to the extent of its developmental period. Thus, in order to understand the effects of PAE

on a developing brain, studying second trimester exposure to alcohol is crucial. Several
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aspects of brain development after PAE including morphological, behavioral, and
cognitive studies are being studied in detail [119, 171-180]. The microvasculature that
develops during the second trimester supports the nutritional needs of the developing fetus
[21], provide endocrine control of fetal growth [181], and promote neural development
[182]. Although several studies have evaluated changes in blood flow after PAE [183,
184], acute changes in fetal brain vasculature have not been well documented.

The work and results in this chapter are divided into three sections:

1. The first section is the pilot study of this work. SVOCT was used to evaluate
acute vasculature changes in the fetal brain after maternal alcohol
consumption. A single dose of ethanol, which simulated binge-drinking in
humans, was used for this study. More details on the dosage is provided in
Section 2.2.3. Comparisons are made with vasculature images recorded
before maternal ethanol consumption as well as a sham group, where tap
water was administered to the mother instead of any ethanol.

2. The second section shows results from dose response studies. Results from
the pilot study showed drastic results for the dose that was tested,
emphasizing the importance of testing lower doses. Additionally, it has been
shown in previous work that exposure to low doses of ethanol can also cause
noticeable effects [185]. Hence, we tested two doses of ethanol in addition
to the dose tested in the pilot study. A complete description of the doses can
be found in section 2.2.3. From this point onwards, the cm-OCA algorithm
was implemented for all studies. The advantages of cm-OCA over SVOCT

have been explained in section 1.4.5.
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3. The final section of the results involves assessing vasculature changes in the
mother and the fetus simultaneously. Ethanol can be found in the fetus
within a minute after maternal exposure to the teratogen [186]. Maternal
and fetal metabolism of ethanol occur through the same pathways [187].
However, understanding of the metabolic capacity of the fetal liver is
limited. Nevertheless, the fetal metabolic capacity is only 5 to 10% of adult
activity [188]. Hence studying the responses of the mother and the fetus,
simultaneously, to the same dose of the teratogen is crucial. Once again, the

complete description of the dose used can be found in section 2.2.3.

2.2 Materials and methods

2.2.1 OCT system

Since the same OCT system was used for all the work shown in this dissertation, a

complete description of the OCT system used is written in Appendix Al.

2.2.2 Animal manipulations

Except for the teratogen used and the dosing details, the procedure for animal
manipulation including the surgical procedure was the same throughout all the studies
presented in this dissertation. A complete description of the animal manipulation is written

in Appendix A2.
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2.2.3 Dosing

The first study simulated binge-drinking episodes in humans. Thus, 16.6% ethanol
at a dose of 3 g/kg was administered via intragastric gavage. This dose has been shown
previously, in mice, to cause a blood alcohol concentration (BAC) of 117 mg/dl in the
mother, which corresponds to the levels achieved by the average non-alcoholic human
population during binge-drinking episodes [183]. However, for the second part of the
study, the effects of 2 additional doses, 0.75 g/kg and 1.5 g/kg of 16.6% ethanol were
evaluated, and the dose response curve was plotted. For the final section of this chapter,
where the vasculature of the mother and fetus was analyzed simultaneously, the dose used
was similar to the first study of this chapter where a dose of 3 g/kg of 16.6% ethanol was

used.

2.2.4 Imaging, quantifications, and statistics

SVOCT images were obtained by an algorithm used in Sudheendran et al. [122].
The cm-OCA images were obtained using the algorithm from Makita et al. [142]. The OCT
probe beam was scanned over a small region of the fetal brain in utero. The 3D OCT images
consisted of 600 B-scans per volume and each B-scan consisted of 600 A-scans. Five B-
scans were recorded at each spatial position for reconstructing the vasculature maps. The
time for each B-scan was 20 ms, and the total acquisition time was 84 seconds including
the galvanometer flyback time between B-scans. As mentioned previously, the variance
between the 5 B-scans were calculated in the case of SVOCT, and the correlation
coefficient between these 5 frames was calculated in the case of cm-OCA to obtain the

vasculature maps.
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Figure 2.1 (a) 3D structural OCT image overlapped with the 3D SVOCT image, (b) 2D cross-
section depicted by the yellow line in (a). The circled region indicates a blood vessel
in the uterus.
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Figure 2.1 (a) shows an overlay of a 3D structural OCT image with the
corresponding 3D SVOCT image. In order to differentiate between the blood vessels in the
uterus and the blood vessels in the fetal brain, a cross section of the overlay from figure
2.1(a), depicted by the dotted yellow line, is shown in figure 2.1 (b). From, figure 2.1 (b),
the vessels in the top right, depicted by a yellow dotted circle, can be clearly identified as
blood vessels on the uterine wall, whereas the vessels on the left are identified as vessels
on the fetal brain. This ability to distinguish between vessels on the uterus and the fetal
brain ensured that all the quantifications were made on the vessels from the brain only.

An average intensity projection (AIP) was performed along the axial dimension of
the 3D SVOCT images. This provided an en face view of the vasculature in the fetal brain,
yolk sac, and the uterus of the mother. AIPs were utilized only for the first study, where
SVOCT was used. For all the remaining studies that used cm-OCA, maximum intensity
projections (MIP) were obtained. In the case of SVOCT images alone, a bulk motion
artifact correction was performed during SVOCT postprocessing. The average SVOCT
intensities at each B-scan position were plotted to identify B-scans that were affected by
bulk motion. A threshold value was selected, and any B-scan with an average SVOCT
value greater than this threshold was replaced with the previous SVOCT B-scan, assuming
that there was sufficiently high spatial sampling between adjacent B-scans [189]. A
complete description of the bulk motion reduction algorithm used for the cm-OCA images
can be found in section 3.2.4 of this dissertation.

All the quantifications were performed on the AIP/MIP images. Matlab
(MathWorks, Natick, MA, USA) was used to implement the SVOCT and cm-OCA

algorithms. Amira (EFI Co., Portland, OR) was used to denoise the images and to perform
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quantifications for the studies shown in this chapter. For the alcohol studies, vessel
diameter (VD) guantifications were made.

For the SVOCT images alone, the quantifications were performed using Matlab.
However, as mentioned earlier, the denoising was conducted in Amira. For the SVOCT
quantifications, a hessian filter-based approach was used to enhance the contrast and
connectivity of the blood vessels in the 2D projection (Hessian based Frangi Vesselness
filter, Dirk-Jan Kroon, MathWorks File Exchange, MathWorks, Natick, MA, USA). The
output was thresholded by a binary mask and the vessel diameter was calculated using
Matlab.

For the first part of this study, where a single dose (3 g/kg) was tested, a
nonparametric Friedman test of differences was conducted on each sample to assess
statistical significance of the changes in vessel diameter over time. Then a 2-sided Mann-
Whitney U test was performed to evaluate if there was a statistical significance in the
percentage change of vessel diameter between the ethanol and sham groups at 45 minutes
post maternal exposure.

For the dose response studies, a nonparametric Kruskal-Wallis ANOVA was
performed to assess the effects of different doses on the vasculature. This was followed by
a 2-sided Mann-Whitney U test, that was performed to test for statistically significant
changes between every ethanol group and the sham group (3 pairs), and between the three
ethanol groups (3 pairs). Thus, there were a total of 6 pairs that was tested. Bonferroni

correction was included in this case for multiple pair-wise tests.
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2.3 Results

2.3.1 Single binge-like bolus exposure

This first section of the results focuses on the effects of a single binge-like exposure
to ethanol on the fetal brain vasculature. A dose of 3 g/kg of 16.6% ethanol was used for

this study.

Before Gavage 45 minutes after Gavage

Figure 2.2 (a) 2D MIP of the SVOCT image of the fetal brain vasculature before intragastric gavage
with water. (b) 2D MIP of the SVOCT image of the fetal brain vasculature after intragastric
gavage with water. The dotted circle shows the gradual disappearance of smaller
tributaries.

Results from one fetus each from the sham and ethanol groups are shown in figures
2.2, and 2.3 respectively, followed by results from 3 fetuses of 3 different mothers from
each of the sham and ethanol groups, shown in figure 2.5. Changes in VD were quantified
at three different locations on the main vessel to ensure consistency in results. The data
presented here is represented as percentage change in VD at every time point after gavage

with the measurement taken before gavage as the reference.
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Figures 2.2 (a) and (b) show AlPs of 3D SVOCT images of fetal brain vasculature
before and 45 minutes after gavage with tap water respectively, while figures 2.3 (a) and
(b) show AlIPs of 3D SVOCT images of fetal brain vasculature before and 45 minutes after
gavage with ethanol respectively. Results show a drastic reduction in vasculature after

maternal consumption of ethanol which is not seen in the case of the sham group.

Before Gavage 45 minutes after Gavage

Figure 2.3 (a) 2D MIP of the SVOCT image of the fetal brain vasculature before intragastric gavage
with ethanol at a dose of 3 g/kg. (b) 2D MIP of the SVOCT image of the fetal brain
vasculature 45 minutes after intragastric gavage with ethanol at a dose of 3 g/kg.

Figure 2.4 (a) depicts the percentage change in VD for a period of 45 minutes after
gavage with tap water (sham group) at 5-minute intervals, whereas figure 2.4 (b) depicts
the percentage change in VD for a period of 45 minutes after gavage with ethanol at 5-
minute intervals. The mean of the median values of percentage change in VD at each time
point for the sham group was 3.0%+1.9%. For the ethanol group, at 5 minutes after ethanol
exposure, the percentage change in VD was 2.0% which increased to 31.9% at 45 minutes

post maternal ethanol exposure.
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Figure 2.4 Percentage change in vessel diameter after administration of (a) water, and (b) ethanol
at a dose of 3 g/kg, every 5 minutes for a total period of 45 minutes with the pre-gavage
measurement as the reference. The line depicts the interposition median, and the raw data

is plotted alongside.

The bright white spots seen on both the figures 2.2 and 2.3 are due to dehydration

of the uterine tissue. The tissue was not hydrated due to the possibility of the saline

interfering with the effects of ethanol. The sham group was not hydrated also to maintain

consistency. However, for all the studies following this one, the tissue was hydrated one

minute before every measurement for the teratogen as well as the respective sham group

with 1x PBS.
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Table 2.1 Summary of the Friedman ANOVA results performed on all samples. The degrees of
freedom for all tests were 8.

Sham group Ethanol group

Sample 1 Sample 2 Sample3  Samplel Sample2  Sample 3

¥2 value 12.31 6.53 11.26 22.37 23.46 16.44

Significance P =0.137 P =0.587 P=0.187 P=0.004 P=0.003 P=0.036

Table 2.1 summarizes results from the Friedman ANOVA performed on all
samples. All samples from the ethanol group showed statistically significant changes over

time whereas the samples from the sham group did not.

60
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0-

'20 T T
Sham Ethanol
Figure 2.5 Percentage change in vessel diameter 45 minutes after administration

of water and ethanol (dose: 3 g/kg) by intragastric gavage. The asterisk
indicates P < 0.001 by a 2-sided Mann-Whitney U test.

Figure 2.5 shows a summary of all results from all samples (n = 9 measurements

for each group) at 45 minutes post-exposure. The box represents the interquartile range,
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the whiskers are the standard deviation and the inscribed hollow squares represent the mean
of the data distribution. The Mann- Whitney U test showed a statistically significant
difference between the ethanol and the sham groups (n1 =n2 =9, U =0, (P= 4.12x10*, P

< 0.001)).

2.3.2 Dose response analysis

Ethanol in the same concentration (16.6%), at two other doses of 0.75 g/kg and 1.5
g/kg were tested in this study. Figures 2.6 and 2.7 show results from one fetus from each

of the additional doses evaluated.
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Before Gavage 45 minutes after Gavage

Figure 2.6 2D MIP of cm-OCA images of fetal brain vasculature (a) before, and (b) 45 minutes
after maternal exposure to ethanol at a dose of 1.5 g/kg.
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45 minutes after Gavage

Figure 2.7 2D cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes after
maternal exposure to ethanol at a dose of 0.75 g/kg.

Figures 2.6 (@) and (b) show MIPs of 3D cm-OCA images of fetal brain
vasculature before and 45 minutes after gavage respectively with ethanol at a dose of 1.5
g/kg, while figures 2.7 (a) and (b) show MIPs of 3D cm-OCA images of fetal brain
vasculature before and 45 minutes after gavage respectively with ethanol at a dose of 0.75
g/kg. Both showed a reduction in vasculature. These results were quantified to compare
with the dose of 3 g/kg. Results of the dose 3 g/kg (shown in section 2.3.1) was reprocessed
using the cm-OCA algorithm for comparison purposes.

Figure 2.8 shows the dose response results. As expected, the effects of the lower
doses are considerably less when compared to 3 g/kg. These results were also compared to
the sham group (tap water). ‘LR’ on the plot refers to experiments performed with lactated

Ringer’s instead of ethanol or tap water. These experiments were done to test the
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differences between the effects of tap water and Lactated Ringer’s as the sham group for

future studies.
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Figure 2.8 Percentage change in VD 45 minutes post maternal exposure to water,
lactated Ringer’s (LR), and 16.6% ethanol at doses 0.75 g/kg, 1.5 g/kg,
and 3 g/kg. The asterisk indicates P < 0.001 using a 2-sided Mann-
Whitney U test.

The Kruskal-Wallis ANOVA showed a statistically significant difference between
the six groups. The 2-sided Mann-Whitney U test was performed between each of the
groups (6 pairs in total) for pairwise testing. A statistically significant difference was found
between the sham group and the ethanol group at a dose of 3 g/kg and between the ethanol
groups at a dose of 0.75 g/kg and 3 g/kg. Table 2 shows the results from the 6 pair-wise
Mann-Whitney U test. P values in bold indicates statistical significance after Bonferroni

correction for multiple tests.
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Table 2.2 Summary of the Mann-Whitney U tests. P values in bold indicates statistical significance.

Sham vs 0.75 g/kg

Sham vs 1.5 g/kg

Sham vs 3 g/kg

0.75 g/kg vs 1.5 g/kg

0.75 g/kg vs 3 g/kg

1.5 g/kg vs 3 g/kg

2.3.3 Comparison of acute vasculature changes in the mother and the fetus

nl

18

18

18

15

15

12

n2

15

12

12

U

124

167.5

160

141

81

86

p

0.7

0.01

5.38x10°

0.013

4.09x10*4

0.025

Since there is a paucity of research on the acute changes in the developing fetal

brain vasculature after maternal ethanol consumption, a method to validate if our surgical

and experimental protocols were not biased was developed to simultaneously assess the

effects of maternal alcohol consumption on both the mother and the fetus. Ethanol is known

to have different effects on blood vessels based on the location of the vessel in the body,

so vessels on the skin of the hind limb of the mother were imaged with the mother in a

supine position. This location was chosen because the peripheral vessels on the forearm in

humans are known to dilate when exposed to alcohol [190]. Since the forelimb of the

mother was relatively difficult to image due to the surgical procedures on the abdominal

cavity, the peripheral vessels on the hindlimb were imaged instead.
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A dose of 3 g/kg of ethanol was tested on three mice. Instead of the usual procedure
where the fetal brain was imaged for a period of 45 minutes after maternal ethanol
consumption, imaging was performed after only 30 minutes to ensure proper imaging of

the mother and fetal brain.

Before Gavage b) 30 minutes after Gavage
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Figure 2.9 2D MIP of cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes after
maternal exposure to ethanol at a dose of 3 g/kg.

Figures 2.9 (a) and (b) show MIPs of 3D cm-OCA images of the fetal brain before
and 30 minutes after exposure to ethanol respectively. Similar to results shown in figures
2.3 (a) and (b) a drastic vasoconstriction was seen in the fetal brain within 30 minutes of

ethanol exposure.
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Figure 2.10 2D MIP of cm-OCA images of the hindlimb of the mother (a) before and (b) 45 minutes
after maternal exposure to ethanol at a dose of 3 g/kg.

Figures 2.10 (a) and (b) show MIPs of 3D cm-OCA images of the mother’s skin on
her hindlimb before and 30 minutes after ethanol exposure respectively. A drastic
vasodilation was noticed unlike the case of the fetal brain. This is similar to previous results
shown on humans where vasodilation was noticed in forearm skin, whereas

vasoconstriction was noticed in the underlying muscle [190].
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Figure 2.11 Comparison between percentage change in VD 45 minutes after
maternal exposure to ethanol at a dose of 3g/kg in the mother and the embryo.

Figure 2.11 shows results from the VD quantifications that were performed both on

the images from the mother and the fetus.

2.4 Discussion

The second trimester equivalent period of mouse gestation encompasses the peak
period for fetal neurogenesis [170] and angiogenesis [21]. Brain development during this
period is particularly vulnerable to alcohol. Hence, vasculature changes due to prenatal
exposure to alcohol can have significant effects on brain development. In this chapter, in
utero angiographic OCT was utilized to assess acute vasculature changes in the murine

fetal brain caused by maternal alcohol consumption. The results showed a drastic reduction
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in vessel diameter within 45 minutes of maternal alcohol exposure when compared to the
sham group.

In a few samples from both the ethanol and sham groups, we noticed a
disappearance of smaller tributaries emanating from the larger vessels. This gradual loss
over time, was perhaps because of prolonged exposure to isoflurane anesthesia or due to
partial occlusion of uterine vasculature during the process of exteriorization and
immobilization of the uterine horn. Previous studies have shown that maternal heart rate
was not significantly lowered by isoflurane, and that the ethanol itself did not alter maternal
heart rate or blood flow, suggesting that the interaction between anesthesia and ethanol is
minimum [183]. Moreover, the immobilization procedure was identical between all
samples. Consequently, the reduction in fetal cranial vessel diameter was likely specifically
due to acute maternal alcohol exposure.

One other factor that could probably influence the vessel diameter quantifications
is the change in optical properties due to dehydration of the uterus that was depicted in
figures 2.2 and 2.3. For this set of experiments (3 g/kg of ethanol), dehydration was
observed in both the ethanol and sham groups, and all our measurements were made on
fetal brain vasculature rather than uterine vasculature. Thus, we can safely assume that the
influence of optical properties on our quantifications were negligible. After this set of
experiments, the uterus was hydrated with 1X PBS, 1 minute before every measurement,
reducing the complications of dehydration.

For the first set of experiments, ethanol was given at a volume of 3g/kg to the
mother via intragastric gavage. As mentioned earlier, this dose was chosen as previous

studies have shown that this dose resulted in a mean peak BAC of 117 mg/dL, representing
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binge-like intoxication readily achieved in non-alcoholic human populations [183]. This
level of BAC was achieved when 95% ethanol was used with C57BL/6 mice. In this work,
we used approximately 17% ethanol, as CD-1 mice were used instead of C57BL/6 strain.
C57BL/6 mice have higher tolerance towards alcohol [191]. Seeing such drastic effects at
such low concentrations influenced the design of the next study, which involved studying
the effects of different doses on the murine fetal brain vasculature. As expected, the dose
response studies showed a decrease in the effects of ethanol on fetal brain vasculature as
the dose decreased.

It is also important to determine if the changes in vasculature caused by ethanol
exposure persist beyond the period of exposure or are reversed. In a previous study, effects
of maternal exposure to ethanol on fetal cerebrovascular blood flow persisted for at least
24 hours [183], demonstrating that the effects of ethanol are persistent beyond the 45
minutes shown here. It will also be important in future studies to ascertain if changes in
fetal and uterine blood flow are correlated.

Previous studies using ultrasound imaging have shown that maternal binge-alcohol
exposure at earlier developmental time points (GD 12.5) resulted in an apparent decrease
in cardiac stroke volume through fetal cranial arteries as measured by velocity time integral
after a single binge-like exposure and also following subsequent repeated binge-like
exposures [183]. Although our results have shown an immediate reduction in the fetal
cranial vessel diameter following maternal ethanol exposure at GD 14.5, the relationship
between vasoconstriction and reduction in cardiac stroke volume is yet to be determined.
Other studies have shown that influence of gestational stage of exposure plays a crucial

role in determining the effects if PAE on fetal development [192-194]. The mid-first
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trimester through the second trimester equivalent period is a critical period for fetal
neurogenesis [170], angiogenesis, and vasculogenesis [21]. Hence the vasoconstriction
seen in this study could have permanent detrimental effects on brain development, which
could lead to lifelong physical and mental disabilities. Previous studies have already shown
distinct morphological changes in the murine fetal brain ex vivo after repeated binge-like
exposures to alcohol using OCT [119]. Hence, future studies will also involve the impact

of developmental stage and brain maturation on the cranial vascular effects of PAE.

2.4 Conclusions

This chapter demonstrated the use of in utero angiographic OCT to evaluate acute
changes in developing fetal brain microvasculature due to maternal exposure to ethanol.
Results showed a prominent decrease in vasculature within 45 minutes of exposure.
Different doses of ethanol were tested, and the dose response curve was plotted. Finally, to
validate our procedure, we simultaneously imaged blood vessels on the mother and the
fetus and observed that while the vessels on the fetal brain constricted, the vessels on the
skin of the hind limb of the mother dilated. Previous studies in humans have shown results
similar to what was seen from the mother, thus opening doors for new studies to understand

the reason for vasoconstriction in the fetal brain.
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Chapter-3 Assessing nicotine induced fetal brain vasculature changes

In this chapter, acute changes in murine fetal brain vasculature caused due to
prenatal exposure to nicotine were assessed using in utero cm-OCA. A home-built SS-
OCT system was used to image the fetal brain and a post processing algorithm was used to
create the vasculature maps. Results showed a significant decrease in vessel diameter
minutes after maternal nicotine consumption, similar to the case of ethanol. Dose response
studies were performed and two doses, including the main dose is included in this

dissertation.

3.1 Introduction

Maternal cigarette smoking has been regarded as one of the main causes of
congenital birth defects. In 2016, 7.2% women in the United States reported smoking
during pregnancy [195]. Maternal smoking during pregnancy is known to cause several
defects including intrauterine growth restriction (IUGR), placental abruption, still birth,
preterm birth, low birth weight, sudden infant death syndrome, and spontaneous abortion
[196-207]. Some defects are lifelong including learning disabilities, cognitive dysfunction,
behavioral problems, attention deficit disorders, and psychiatric disorders [208-221].
Hence, smoking cessation is strongly recommended during pregnancy and lactation.
Although this is always a recommendation, several women continue to smoke during their
entire pregnancy, mostly due to nicotine addiction. Thus, even though 75% pregnant
smokers have reported the desire to quit smoking, only 20 to 30% have been successful at

it [222-224].
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Since the inability to quit smoking is mostly attributed to nicotine withdrawal,
nicotine replacement therapy (NRT) is the recommended pharmacotherapy for smoking
cessation [225-228]. A substantial number of women also use electronic cigarettes or e-
cigarettes to help quit smoking [229-231]. Both these approaches are usually sought after
because of the belief that pure nicotine [232] provides a safe and effective way for smoking
cessation as they do not have the other combustible and hazardous materials present in a
traditional cigarette. This approach remains popular even after the US Food and Drug
administration has classified nicotine as a category D drug [233].

E-cigarettes are electronic nicotine delivery devices that consist of a battery and a
heating element consisting of the nicotine juice [234]. Depending upon the puff volume
and the nicotine concentration, e-cigarettes deliver as high or higher amounts of nicotine
as traditional cigarettes [235, 236]. Recent surveys have shown that 40% of pregnant
women using e-cigarettes did not realize that e-cigarettes contained nicotine or could be
addictive, and 40% believed that these are less harmful than conventional cigarettes [229].
NRT is widely available in the form nicotine gum, patches, lozenges, inhalators, and nasal
sprays. These methods are known to deliver nicotine in amounts equivalent to smoking 10
cigarettes a day [237]. The safety of NRT in general, as well as during pregnancy, is not
well documented.

During embryogenesis, the cellular and architectural assembly of the central
nervous system is controlled by several neurotransmitters [238, 239]. These
neurotransmitters perform multiple functions that aid in normal development including
promoting neural cell replication, initiating differentiation from the replication, initiation

and termination of axonogenesis and synaptogenesis, evoking or retarding apoptosis, and
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enabling appropriate migration and localization of specific cell populations within the
developing brain regions [240]. Due to the multitude of processes that occur during
development, the brain is particularly vulnerable to neuroactive chemicals such as nicotine.
Nicotine imitates the function of one such neurotransmitter, acetylcholine, by binding to
acetylcholine receptors in the developing brain, thus hindering brain development. Prenatal
nicotine exposure is known to affect brain development in several ways including
triggering apoptosis, reducing the number neuronal cells, truncation of axonogenesis and
deficient synaptogenesis [241-250]. Most importantly, nicotine is shown to cause delayed-
onset changes [248, 251], that is, even when nicotine is no longer present in the system, its
effects are still seen by causing damage to the brain in the postnatal period, thus changing
the trajectory of brain development.

As mentioned earlier in this dissertation, the gestational stage at which maternal
exposure to teratogens occurs is a very important factor in determining the severity and the
type of defect caused. Initially, it was thought that during the first trimester, nicotinic
acetylcholine receptors (NnAChRs) were not expressed in sufficient numbers. Hence several
studies concluded that exposure to nicotine during the first trimester, would not cause a
significant effect on the fetus [245, 248, 252]. However, recent studies have shown that not
only are nAChRs present, but they are biologically active even during the development of
the neural tube, during the first trimester [253, 254]. This emphasizes the need to study the
effects of nicotine and other teratogens on neural tube closure. Appendix A3 of this
dissertation focuses on imaging neural tube closure and will provide more details on how
OCT has been used in combination with Brillouin microscopy to evaluate changes in

biomechanical properties of the neural tube tissue at different developmental stages. It has
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also been shown that excessive stimulation of nAChRs by nicotine causes profound
disruption at the cellular and architectural levels [255]. The second trimester, on the other
hand, is a critical period for brain development as several neurons are born during this
period [170]. Apart from this, the microvasculature that invade the fetal brain during this
period is known to aid in several aspects of fetal development, including supporting
nutritional needs of the embryo, providing endocrinal support, and neural development [21,
181, 182]. Even though there has been a wide variety of research focused on outcomes
from prenatal nicotine exposure, there has been no research done on evaluating the effects
of acute exposure to nicotine, during the second trimester, on the developing fetal brain
vasculature.

This chapter summarizes the use of in utero cm-OCA to evaluate fetal brain
vasculature changes due to maternal exposure to pure nicotine during the second trimester.
A dose response analysis was also performed, including a dose that corresponds to an
average human dose. Results showed a decrease in vasculature in both doses of nicotine,

that was not observed in the sham group.

3.2 Materials and methods

3.2.1 OCT system

Please refer to appendix Al.

3.2.2 Animal manipulations

Please refer to appendix A2.
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3.2.3 Dosing

Two doses of nicotine were tested. For the preliminary study, a dose of 1 mg/kg of
nicotine was used, which is a relatively high dose in comparison to the levels of nicotine
achieved by an average human who smokes. However, mice are known to metabolize
nicotine faster [240] and hence this dose could be considered a moderate dose for a mouse
model. Hence, this was the first dose that was tested. An average smoker receives
approximately 8 to 20 mg of nicotine per 80 to 100 kg of body weight. Hence, 0.1 mg/kg
was the next dose that was tested to simulate human smoking. The sham group was given

the equivalent volume of distilled water.
3.2.4 Imaging, quantification, and statistics

The imaging procedure is similar to that presented in the cm-OCA portion of
chapter 2. The 3D OCT image consisted of 600 B-scans per volume and each B-scan
consisted of 600 A-scans. Five B-scans were recorded at each spatial position. The time
for each B-scan was 20 ms and the total acquisition time was 84 seconds including the
galvanometer flyback time between B-scans. An approximate total area of 6.0 x 6.2 mm?
of the fetal brain was imaged. The vasculature maps were obtained using a post-processing
cm-OCA algorithm. A discrete Fourier transform-based sub-pixel registration technique
was used to correct the axial shift caused due to bulk motion between each pair of 5 B-
scans that were recorded at the same spatial position. The average temporal correlation
between these 5 B-scans, in pairs, was calculated to obtain the correlation coefficient. The
SNR-dependent artifacts were corrected by using the temporal variance of the background
noise as a function of imaging depth. Angiograms with a global correlation value below a

threshold of the difference between the mean and the SD were disregarded. The 3D
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vasculature maps were obtained from the spatial distribution of the temporal correlation
coefficients of the entire 3D image. A MIP was calculated to obtain the en face images of
the dorsal surface arterial blood vessels on the fetal brain. A frequency rejection filter was
applied to the 2D MIPs to remove bulk motion artifacts due to maternal respiration and
heartbeat. Amira software (EFI Co., Portland, Oregon) was used for denoising and to form
final MIPs.

For these studies, three different parameters, vessel area density (VAD), vessel
length fraction (VLF), and vessel diameter (VD) were used to quantify the vasculature.
VAD is defined as the area of the image that corresponds to the vasculature, Avessel, divided
by the total area of the image, Aimage, (VAD= Avessel/ Aimage), and VLF is defined as the total
length of the vessels Lvessel, divided by the total area of the image (VLF= Lyessel/Aimage)-
Image J was used to calculate the VAD (from the binarized MIP) and VLF (from the
skeletonized binary MIP), while Amira was used to calculate the VD. Only a portion of the
MIP including the main vessel was used for quantifications.

First, a nonparametric Kruskal-Wallis ANOVA was performed to assess the effects
of different doses on the vasculature. This was followed by a 2-sided Mann-Whitney U test
that was performed to test for statistically significant changes between every nicotine group
and the sham group, and the 2 nicotine groups. Bonferroni correction was performed to

correct for multiple testing for the pair-wise tests.

3.3 Results

Like the results shown in the previous chapter, vasculature maps from one fetus

from each of the groups are first shown followed by the quantifications and statistics. The
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total number of fetuses in the sham group were 6, the nicotine group at a dose of 0.1 mg/kg
was 6, and the nicotine group at a dose of 1 mg/kg was 5.

Figure 3.1 shows results from one fetus from the sham group. Figures 3.1 (a) and
(b) are MIPs of 3D cm-OCA images before and 45 minutes after maternal exposure to
distilled water respectively. Results from the sham group showed almost no change in

vasculature 45 minutes after exposure to distilled water.

45 mins after gavage

- . o —

Figure 3.1 2D MIP of cm-OCA images of the fetal brain vasculature (a) before and (b) 45 minutes
after maternal exposure to distilled water.
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Before gavage 45 mins after gavage

Figure 3.2 2D MIP of cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes
after maternal exposure to nicotine at a dose of 1 mg/kg.

Figure 3.2 (a) and (b) show MIPs of 3D cm-OCA images before and after maternal
exposure to nicotine at a dose of 1 mg/kg. Unlike the sham group, within 45 minutes after
exposure to nicotine at a dose of 1 mg/kg, there was a dramatic decrease in vasculature.
Not only was vasoconstriction observed in the main vessel under investigation, but there

was also a disappearance of the surrounding smaller tributaries.
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Figure 3.3 2D MIP of cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes
after maternal exposure to nicotine at a dose of 0.1 mg/kg.

Figure 3.3 (a) and (b) show MIPs of 3D cm-OCA images before and 45 minutes
after maternal exposure to nicotine at a dose of 0.1 mg/kg. A reduction in vasculature was
observed unlike the sham group. However, there was no disappearance in the smaller

tributaries as seen in the case of the fetuses exposed to nicotine at a dose of 1 mg/ kg.
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Figure 3.4 Comparisons of percentage change in (a) VAD, (b) VLF, and (c) VD at 45 minutes after
maternal exposure to distilled water, and nicotine at doses 0.1 mg/kg and 1 mg/kg.
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Figure 3.4 shows a comparison of percentage changes in the quantification
parameters at 45 minutes after exposure, between all three groups. Figure 3.4 (), (b), and
(c) depict the changes in VAD, VLF, and VD respectively.

The Kruskal-Wallis ANOVA showed a statistically significant difference between
the three groups in the case of VAD and VD, which was not seen in the case of VLF.

The 2-sided Mann-Whitney U test was performed between each of the groups (3
pairs in total) for each VAD, VLF, and VD for pairwise testing. For VLF, there was no
statistically significant difference between any of the three pairs. For VAD, while there
was a statistically significant difference between the sham and nicotine at a dose of 1
mg/kg, no significant change was seen between the sham group and the nicotine group at
a dose of 0.1 mg/kg as well as both the nicotine groups. Percentage change in VD showed
statistically significant differences between all three pairs. Table 3.1 shows a summary of

results from the Mann-Whitney U test.
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Table 3.1 Summary of the Mann-Whitney U tests. P values in bold indicates statistical significance.

VAD VLF VD
N sham 6 6 18
N nicotine (0.1 mg/kg) 6 6 18
N nicotine (1 mg/kg) 5 5 15
Sham Vs U 24 19 266
Nicotine (0.1
ma/kg) P 0.378 0.936 0.001
Sham Vs U 30 26 269
Nicotine (1 mg/kg) P 0.008 0.055 <0.001
Nicotine (0.1 U 26 24 266
mg/kg) Vs Nicotine
P 0.055 0.121 < 0.001

(1 mg/kg)

3.4 Discussion

Vasculature that develops in the brain during the second trimester is vulnerable to
teratogens as this period is crucial for fetal angiogenesis. Thus, it is important to study the
changes in vasculature that occur due to maternal exposure to various teratogens during the
second trimester. This chapter evaluates the acute changes in fetal brain vasculature caused

due to maternal exposure to nicotine at a gestational stage corresponding to the second
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trimester, using cm-OCA. The vasoconstrictive response to nicotine and the imaging plane
are both consistent with the distribution of the terminal anterior and middle cerebral arterial
tributaries on the dorsolateral pial surface of the fetal brain.

All VAD and VLF quantifications were performed over the area depicted by the
dashed rectangle in figures 3.1, 3.2, and 3.3 to prevent the influence of external noise
caused by maternal heartbeat and respiration as well as changes in vasculature in the uterus.
However, since the clamping procedure that was performed to stabilize the fetus and reduce
bulk motion was utilized uniformly across all samples from all groups, any influence due
to clamping, would have affected every sample. Thus, sham groups were utilized as direct
comparisons.

Although there was a drastic reduction in vasculature when exposed to the higher
dose of nicotine as seen from figure 3.2, there seemed to be no drastic change in the overall
length of the major vessel under investigation. This could possibly be the reason why the
VLF calculations did not show any statistically significant differences between any of the
three groups.

For this study, the effects of only two doses of nicotine were evaluated. The dose
of 1mg/kg was chosen as the higher dose as it causes IUGR. Since drastic effects were seen
within a period of 45 minutes after exposure to nicotine, a lower dose of 0.1 mg/kg (which
is equivalent to what an average smoker receives from one cigarette) was used. However,
rodent models are known to metabolize nicotine much faster [240]. Thus, these drastic
effects seen with a dose of 1mg/kg is the consequence of administering a moderate dose,
for a mouse. Several studies that use rodent models have used relatively higher doses of 6

mg/kg per day [256, 257]. A dose of 6 mg/kg is equivalent to a human smoking around 2
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packs of cigarette per day [258]. Studies have also shown that at higher doses, nicotine
desensitizes the nAChRs, which renders them unresponsive to nicotine [259]. These points
emphasize the need to test higher doses of nicotine to evaluate whether fetal brain
vasculature also becomes saturated at high doses.

Another important factor involved in studying the effects of prenatal exposure to
nicotine in animals is the route of administration. Typically, smokers have random highs
and lows of nicotine concentration in their plasma during the day followed by a long period
of no exposure during the night [259]. This work used intragastric gavage to administer
nicotine because of which the mother is exposed to the entire dose of nicotine within a few
seconds. This causes a sudden increase in plasma nicotine concentration, that occurs in a
few seconds unlike in the case of smokers, where it happens in a few minutes. Another
example of route of administration is subcutaneous injections which also results in a similar
spike in nicotine concentration comparable to intragastric gavage [260]. Two other
methods used to administer nicotine include subcutaneously implanted osmotic pumps and
nicotine administration through drinking water. The osmotic pumps release a constant
amount of nicotine into the animal, resulting in a persistent exposure to the drug without
the drastic variations [261]. Although this is not what is seen in smokers, these pumps
provide a good model to simulate nicotine patches and for studying mechanisms. Nicotine
administration through drinking water offers less control over timing and dosing of nicotine
across animals. However, this method creates realistic dynamics in a 24-hour period,
without creating artificial spikes [259]. Hence it is important to choose the right method of
administration depending upon the application and subject of study. Since this study was

focused on imaging the acute effects of nicotine, intragastric gavage was selected as the
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method for delivering a controlled bolus of nicotine and for generating as easily
comparable sham control group.

Finally, work in this chapter focused on the acute effects of maternal nicotine
consumption on fetal cerebral blood flow. However, nicotine use often co-occurs with
other risk factors for impaired fetal development like maternal stress [260, 262-264],
cardiovascular [265, 266] and metabolic disease [267]. Moreover, nicotine is often co-
abused with other drugs including alcohol [268, 269]. These co-occurring conditions may
amplify the effects of maternal nicotine on fetal cerebral blood flow, and their contributary

effects need further investigation.

3.5 Conclusions

This chapter demonstrated the use of in utero cm-OCA to evaluate acute changes
in the developing murine brain vasculature due to maternal exposure to nicotine. Results
showed a drastic decrease in vasculature within 45 minutes of maternal exposure. A total
of two doses of nicotine were tested. As expected, results showed a decrease in the severity

of the effect for the lower dose when compared to the higher dose.
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Chapter-4 Assessing synthetic cannabinoid induced fetal brain vasculature
changes

In this chapter, acute changes in murine fetal brain vasculature caused by prenatal
exposure to a synthetic cannabinoid (SCB) were assessed using in utero cm-OCA. A home-
built SS-OCT system was used to image the fetal brain, and a post processing algorithm
was used to create the vasculature maps. Results showed a significant decrease in vessel
diameter minutes after maternal SCB exposure, suggesting a possible decrease in blood

flow to the developing brain during the peak period of fetal neurogenesis and angiogenesis.

4.1 Introduction

Prenatal substance abuse is a major public health concern [143]. Marijuana is one
of the most commonly abused substance during pregnancy [144, 270]. Due to its
legalization in several states, it has rapidly become a targeted topic of research. Synthetic
cannabinoids (SCBs) are a group of heterogeneous compounds that are similar to natural
cannabinoids and were developed to understand the endogenous cannabinoid system and
to understand their potential use as therapeutics [271, 272]. However, several variations of
SCBs are commercially produced under various brand names and are being marketed as
safe and legal alternatives to marijuana. SCBs are known to provide similar psychoactive
effects to A°-tetrahydrocannabinol (A°-THC), the major psychoactive component of
marijuana, and are easily accessible over the internet and in specialty shops in ready-to-use
formulations. Most importantly, they are undetectable in routine drug screens [273, 274].

All this has increased the popularity of SCB usage.
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SCBs and A°-THC target the same receptors in the body. However, they have some
important differences that increase the potency of SCBs [274]. While A>-THC is only a
partial agonist, SCBs are direct agonists [275-277], and SCBs have higher binding
affinities to the cannabinoid receptors than AS-THC [271]. In addition, variations in
chemical structure [278] and concentration [279] in different SCB products, or sometimes
even within the same product have made SCBs 40- to 600- fold more potent than A®-THC.
Thus, SCBs are more toxic in nature and produce more harmful effects as compared to A°-
THC.

With recent studies showing an increase in both natural cannabinoid and SCB use
among women of reproductive age [280-284], and the prevalence of unplanned
pregnancies in the United States [167], there is an increase in likelihood of prenatal
exposure to cannabinoids. Apart from this, A°>-THC is lipophilic in nature [285, 286] and
hence is known to cross the feto-placental barrier. A°-THC is also secreted through breast
milk [287, 288] which increases the chance of exposure to these drugs even after birth.
This emphasizes the need to study both the prenatal and neonatal effects of cannabinoids
on fetal developmental processes.

Since the endogenous cannabinoid system starts developing very early in
vertebrates [289-291], most of the efforts to study the effects of prenatal exposure to SCBs
have been focused on first trimester exposure [292]. The studies focusing on the effects of
prenatal exposure to cannabinoids during the first trimester have shown extremely
detrimental effects on the fetus including an increased incidence of fetal reabsorption,

edema, spina bifida, exencephaly, omphalocele, phocomelia, and myelocele [293, 294].
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However, there is significantly much less documentation on the effects of second trimester
exposure to cannabinoids.

Apart from the second trimester being the peak period for fetal neurogenesis and
angiogenesis [170], endocannabinoid signaling is known to play a major role in brain
development [295]. The microvasculature that develops during this period is also known
to perform several functions to support a developing fetus [21, 181, 182]. Thus, there is a
need to study the effects of second trimester exposure to SCBs on fetal brain development
and microvasculature development.

In this chapter, in utero cm-OCA was utilized to evaluate changes in fetal brain
vasculature due to maternal exposure to a SCB. Results were compared to measurements
taken before maternal exposure to the drug as well as to a sham group. Results showed
drastic reduction vasculature within 45 minutes after maternal exposure to the SCB unlike

the case of the sham group.

4.2 Materials and methods

4.2.1 OCT system

Please refer to appendix Al.

4.2.2 Animal manipulations

Please refer to appendix A2.
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4.2.3 Dosing

For this study, CP-55,940, a well characterized compound in SCB research was
used and was formulated for maternal exposure based on a protocol similar to Gilbert et al.
[296]. CP-55,940 at a dose of 2 mg/kg was suspended in a vehicle of dimethyl sulfoxide
(DMSO): Alkamuls E1620 (Rhodia, NJ): lactated Ringer’s solution at a ratio of 1:1:18 and
sprayed on to the mother’s liver to simulate intraperitoneal exposure. For the sham group,
an equivalent volume of only the vehicle solution alone (without the SCB) was delivered

into the peritoneal cavity in an identical manner.
4.2.4 Imaging, quantifications, and statistics

The imaging procedure was identical to the one used in chapter 3. 3D OCT images
consisted of 600 B-scans per volume and each B-scan consisted of 600 A-scans. Five B-
scans were recorded at each spatial position. The time for each B-scan was 20 ms and the
total acquisition time was 84 seconds including the galvanometer flyback time between B-
scans. An approximate total area of 6.0 x 6.2 mm? of the fetal brain was imaged. The
vasculature maps were obtained using a post-processing cm-OCA algorithm. A discrete
Fourier transform-based sub-pixel registration technique was used to correct the axial shift
caused due to bulk motion between each pair of 5 B-scans that were recorded at the same
spatial position. The average temporal correlation between these 5 B-scans, in pairs, was
calculated to obtain the correlation coefficient. The SNR-dependent artifacts were
corrected by using the temporal variance of the background noise as a function of imaging
depth. Angiograms with a global correlation value below a threshold of the difference
between the mean and the SD were disregarded. The 3D vasculature maps were obtained

from the spatial distribution of the temporal correlation coefficients of the entire 3D image.
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A MIP was calculated to obtain the en face images of the fetal brain vasculature. A
frequency rejection filter was applied to the 2D MIPs to remove bulk motion artifacts due
to maternal respiration and heartbeat. Amira software (EFI Co., Portland, Oregon) was
used to form final 2D MIPs.

A hessian filter-based approach was used to enhance the contrast and connectivity
of the blood vessels in the 2D MIP (Hessian based Frangi Vesselness filter, Dirk-Jan
Kroon, MathWorks File Exchange, Mathworks, Natick, Massachusetts). Image J was used
to calculate the VAD (from the binarized MIP) and VLF (from the skeletonized binary
MIP), while Matlab was used to calculate the VD. Only a portion of the MIP including the
main vessel was used for quantifications.

A nonparametric Kruskal-Wallis ANOVA was performed on the VD data of each
sample to assess if there was a statistically significant change over time. A 2-sided Mann-
Whitney U test was performed to test for statistically significant changes between the

cannabinoid and the sham groups at 45 minutes post exposure.

4.3 Results

The total number of samples was 3 in the cannabinoid group and 5 in the sham
group. Results from one fetus from each of the groups are shown below. Figures 4.1 (A)
and (B) depict 2D MIPs of 3D cm-OCA images of murine fetal brain vasculature before

and 45 minutes after exposure to the SCB respectively.
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Figure 4.1 2D MIPs of cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes
after maternal exposure to the SCB. The dashed rectangle depicts the region of VAD and
VLF quantifications. The small dashed squares depict the regions used for VD
guantifications.

(A) Before exposure (B) 45 minutes after exposure

e— _\{Sr ‘ A > , : ‘ —
Figure 4.2 2D MIPs of cm-OCA images of fetal brain vasculature (a) before and (b) 45 minutes
after maternal exposure to the vehicle solution (without SCB). The dashed rectangle depicts

the region of VAD and VLF quantifications. The small dashed squares depict the regions
used for VD quantifications.
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Figures 4.2 (A) and (B) depict 2D MIPs of 3D cm-OCA images of murine fetal
brain vasculature before and 45 minutes after exposure to the vehicle (without the SCB)
respectively.

Figure 4.1 shows a drastic reduction in vasculature within 45 minutes of maternal
SCB exposure whereas a slight increase is seen within 45 minutes after maternal exposure
to the vehicle solution alone. VAD and VLF quantifications were made within the area
depicted by the dotted yellow rectangles in figures 4.1 (A) and 4.2 (A), which includes the
main vessel under investigation. VD quantifications were made in the 3 locations depicted
by dotted yellow squares on the main vessel. This was done to ensure consistency.

Figure 4.3 (A), (B), and (C) show VAD, VLF, and VD quantifications, respectively,
for each of the samples from the cannabinoid and the sham groups shown in figures 4.1
and 4.2. The plots show percentage change in each of the parameters for a 45-minute period
at intervals of 5 minutes as compared to the initial measurement before maternal exposure
to the cannabinoid or the vehicle. For the sample from the cannabinoid group, all the
parameters decrease, whereas for the sham group, all three parameters showed a slight
increase. The VAD, VLF, and VD decrease by approximately 40%, 56%, and 33%
respectively in the cannabinoids group, while it increased by approximately 35%, 26%,

and 17% respectively in the sham group.
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Figure 4.3 Quantifications of one sample each from the sham and cannabinoid
group. Percentage change in (A) VAD, (B) VLF, and (VD) after exposure,
every 5 minutes for 45 minutes. The error bars represent the standard
deviation.

67



A Kruskal-Wallis ANOVA was performed on the VD data of all samples, since
three positions in the vessel were measured at every time point. All the samples in the
cannabinoid group showed a statistically significant decrease (P < 0.001) in diameter over

time, while all samples in the sham group showed a statistically significant increase (P =

0.028) in vessel diameter over time.
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Figure 4.4 Percentage change in (A) VAD, (B) VLF, and (C) VD 45 minutes after maternal exposure.
The asterisk indicates statistical significance (P < 0.05 by a 2-sided Mann-Whitney U test).

Figure 4.4 (A), (B), and (C) show a summary of the VAD, VLF, and VD
quantifications respectively from all the samples from both groups. The data is shown as
the mean percentage change in each of the parameters at 45 minutes post maternal exposure
as compared to the initial measurements before exposure to the cannabinoid or the vehicle.
A Mann- Whitney U test showed statistically significant differences between the
cannabinoid and the sham groups at 45 minutes post exposure for all three parameters.

Table 4 summarizes results from the Mann-Whitney U test for each of the parameters used

to quantify vasculature.
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Table 4.1 Summary of the Mann-Whitney U tests. P values in bold indicates statistical significance.

VAD VLF VD
N vehicle 3) 3) 15
N cannabinoid 3 3 9
U 15 15 135
P 0.0369 0.0369 <0.001

4.4 Discussion

Cannabinoids are one of the most widely used psychoactive drugs in the world.
About 3.8% of the population of the world between the ages of 15 and 64 have reported
cannabis use [297]. Although cannabis is considered a harmless recreational agent [298],
and sometimes even therapeutic, literature shows that it can have drastic effects on the
adult [299] and developing brain [300].

About 2.5% of women have reported cannabis use during pregnancy and sometimes
even during lactation [301]. Studies have not only shown that some cannabis metabolites
are found in different types of fetal tissues [302] including the placenta, amniotic fluid, and
the fetus itself [303], but due to its lipophilic nature [304], cannabinoids cross barriers
including the feto-placental barrier, and the blood-brain barrier. Human brain development
starts in utero and continues until about 25 years of age, so both prenatal and postnatal
exposure poses serious threats to the developing brain. Several studies have shown
metabolic, behavioral, and cognitive effects caused by prenatal cannabis exposure.

However, vasculature changes caused have not been well-documented.
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In this chapter, in utero cm-OCA was used to evaluate changes in murine fetal brain
vasculature cause by prenatal exposure to CP-55,940, a SCB. Results showed a drastic
decrease in vasculature when compared to the sham group, within 45 minutes of maternal
exposure.

All the quantifications were made over a certain area depicted by the dotted yellow
rectangles in figures 4.1 and 4.2. This was done to reduce the influence of blood vessels
other than the major vessel under investigation. For example, during fetal manipulations,
there is a lack of complete control over the uterus and yolk sac. Hence vessels from the
uterus and yolk sac might be present in images from some of the time points but not
necessarily in every image or due to the clamping procedure that is used to reduce bulk
motion, uterine vessels that may appear in the first data set collected may eventually
disappear during the experiment, which can be seen clearly in figure 4.1 (A) but disappears
in 4.1(B). The influence of these factors was removed by selecting constant and repeatable
areas for quantifications.

CP-55,940 was the SCB of choice as it is a well-known and well-characterized
compound in SCB research. It was administered at a dose of 2 mg/kg following a similar
protocol to Gilbert et al. [296]. However, instead of dissolving the SCB in ethanol, it was
dissolved it in DMSO as the results shown in chapter 2 demonstrate drastic
vasoconstriction caused by prenatal exposure to ethanol [305]. DMSO has histamine
releasing properties, which causes vasodilation [306, 307]. This could possibly explain the
increase in vasculature observed in figure 4.2 (the sham group) that was not seen in the
presence of the SCB. This also explains the results of the Kruskal-Wallis ANOVA. Both

the sham and cannabinoid groups showed statistically significant change in VD over time.
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However, the sham group had a positive slope, and the cannabinoid group had a negative
slope, showing the increase and decrease in VD, respectively.

The work in chapter 2 evaluating the effects of prenatal exposure to ethanol on fetal
brain vasculature showed similar results to this study [305]. Although fetal alcohol
syndrome-like features have been reported due to prenatal cannabis exposure in human
cannabinoid developmental toxicology studies [308], several animal studies have not
corroborated these results. Since this area of research is still in its early stages, more detail-
oriented studies are necessary. Meticulous dose-response studies, research covering
different gestational periods of exposure, and multiple exposure experiments are needed to
better understand the effects of cannabinoid exposure on the developing brain in addition
to cognitive studies that correlate structural changes with functional outcomes.

Correspondingly, future work will be focused on these studies.

4.5 Conclusions

This chapter demonstrated the use of in utero cm-OCA to evaluate the acute
changes in developing fetal brain vasculature due to prenatal exposure to a SCB, CP-
55,940. Results showed a drastic decrease in vessel area density (approximately 53%),
vessel length fraction (approximately 65%), and vessel diameter (approximately 35%)
within 45 minutes of maternal exposure, suggesting the possibility of the SCB, CP-55,940,
acting as a vasoconstrictor on the developing brain. With not much documentation on the
effects of vasculature changes caused due to prenatal exposure to teratogens, this work, for

the first time, evaluates these changes caused due to this SCB.
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Chapter-5 Conclusions and future directions

This dissertation has presented the use of functional extensions of OCT to evaluate

changes in murine fetal brain vasculature caused by exposure to different teratogens. Three

major sections of this dissertation are based on second trimester-equivalent exposure to

different teratogens. A summary of the three sections are specified below:

1)

2)

In utero angiographic OCT was used to image acute fetal brain vasculature changes
caused by prenatal ethanol exposure. The first study in this chapter was a single
dose study that simulated binge-drinking in humans. This was followed by dose
response studies, where a total of three doses, including the dose in the first study
were tested. The chapter concluded with a comparison between changes in
vasculature in the mother and the fetus, after maternal exposure to ethanol. Results
showed vasoconstriction in the vessels in the fetal brain when the mother was
exposed to ethanol, which was not seen in the sham group. The vasoconstriction
was relatively less in the lower doses compared to the highest dose tested.
Moreover, peripheral vessel dilation was seen in the mother whereas
vasoconstriction was observed in the fetal brain.

In utero angiographic OCT was used to image acute fetal brain vasculature changes
caused by prenatal nicotine exposure. Two doses of nicotine were tested. The first
dose simulated human smoking, whereas the second was a higher dose, because
mice metabolize nicotine faster than humans. Maternal exposure to both these doses
resulted in significant vasoconstriction in the fetal brain vessels compared to the

sham group. However, the severity of vasoconstriction was significantly less for
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the lower dose, similar to dose-dependent vasoconstriction seen with ethanol
exposure.

3) In utero angiographic OCT was used to image fetal brain vasculature changes
caused by prenatal SCB exposure. CP-55,940, a well-known compound in SCB
research, was used at a dose of 2 mg/kg. Maternal exposure to the SCB caused
significant vasoconstriction in the fetal brain vessels that was not seen in the sham
group. In fact, the sham group showed vasodilation due to DMSO present in the
SCB vehicle. The vasodilation seen in the sham group showed that the drastic

vasoconstriction seen after SCB exposure was actually diminished due to DMSO.

This work plays a crucial role in advancing several fields of science including
biomedical imaging and different branches of developmental biology. Acute
vasculature changes in the fetal brain due to maternal exposure to teratogens have not
been visualized before. Visualizing and evaluating these changes has opened new
avenues for exploration, including the potential of these results to act as a supplement
for results obtained at the molecular level and also for the development of novel and
innovative therapies for reversing the effects of these teratogens.

From the biomedical imaging perspective, the first part of this dissertation used
SVOCT and cm-OCA to image the vasculature. However, they cannot provide
quantitative analysis of blood flow. Doppler OCT, on the other hand, can evaluate
changes in flow rate and correlate them with changes in the vasculature that were seen
in these studies. Doppler OCT will also provide the direction of blood flow that will
potentially help us in evaluating the difference, if any, between how maternal teratogen

exposure affects flow and morphological changes in the arteries versus veins. Flow rate
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quantifications can also be used to calculate other indices such as velocity time integral,
acceleration, and Pourcelot resistive index, which in turn can be used to assess cardiac
output, cardiac stroke volume, and vascular resistance, respectively.

While the work presented in this dissertation has set up a solid base in terms of
imaging and surgical protocols and detailed procedures to quantify and characterize
fetal vasculature changes with cellular resolution, only acute exposure to the different
teratogens have been presented here. Future work will also involve testing the effects
of multiple exposures, combination of different teratogens to simulate poly-drug
exposure, and most importantly the use of other noninvasive optical imaging modalities

in combination with OCT to extract more functional information.
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Appendix- Al- OCT system schematic

A phase-stabilized swept source OCT system (PhS-SSOCT) was used for cm-OCA
imaging. The system composed of a swept source laser (HSL2000, Santec, Inc., USA) of
central wavelength 1310 nm, scan range of 150 nm, A-scan rate of 30 kHz, output power
of ~39 mW, and axial resolution of 11 pm in air. The interference pattern was recorded by
a balanced photodetector and digitized by a high-speed analog-to-digital converter. After
resampling the raw interference pattern into linear k-space, a fast Fourier transform was
performed on the fringe to obtain a 1D depth profile, called the A-scan. The axial and
transverse resolutions were ~11 um and ~15 pum, respectively, and the phase stability of
the system was experimentally measured as ~16 mrad in air. Using a scanning
galvanometer-mounted mirror, 2D cross-sectional image was constructed, called a B-scan.

Further details can be found in a previous publication [67].
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Figure Al.1 Experimental schematic, including the OCT system.
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Appendix- A2- Animal manipulations

All procedures were performed under an approved protocol by the University of
Houston Institutional Animal Care and Use committee. The animals were housed in an
AALAC-accredited animal facility at the University of Houston on a 12 hours light/dark
cycle with ad libitum access to food and water. CD-1 mice were set up for mating and the
presence of a vaginal plug was considered gestational day (GD) 0.5. At GD 14.5, pregnant
mice were anesthetized by isoflurane inhalation and placed on a heated surgical platform
at 37°C for the entire duration of the procedure. The depth of maternal anesthesia was
maintained with continuous isoflurane exposure until the last measurement. Abdominal fur
was removed, and a small incision was made in the abdomen to expose the uterine horn for
imaging. Once the fetus was selected for imaging, it was stabilized using forceps to
minimize bulk motion due to maternal respiration and heartbeat. Initial OCT measurements
were recorded, and the mother was administered the drug being tested or the corresponding
solution for the sham group. Subsequent OCT measurements were taken for a period 45
minutes at 5-minute intervals. Except for the results shown in section 2.3.1, for all the other
experiments, the uterus was hydrated with 1XPBS 1 minute before every measurement.
After all the measurements were completed, the animal was euthanized by isoflurane

overdose followed by cervical dislocation.
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Appendix- A3- Biomechanical mapping of early murine fetal
development

The first part of this dissertation was focused on imaging and evaluating changes
in the developing fetal brain vasculature due to prenatal exposure to teratogens in the
second trimester equivalent in a mouse model. This final section will focus on the first
trimester imaging. Neurulation is one of the earliest processes in fetal development which
involves the flat neural plate rolling up and closing to form the neural tube. Failure in
proper neural tube closure can lead to neural tube defects and hence abnormal brain
development. The process of neural tube closure is driven by mechanical forces and hence
mere structural imaging is insufficient to understand the effects of teratogens. A
quantitative evaluation of changes in biomechanical properties of the developing tissue
would provide a better understanding of the process of the neural tube closure along with
structural imaging. Hence, this section focuses on preliminary studies conducted on
combining OCT with Brillouin microscopy to image neural tube closure and hence the

effect of teratogens.
14.1 Introduction

One of the earliest processes in fetal development, that later leads to the formation
of the brain is neural tube closure (NTC). Failure in this process leads to neural tube defects
(NTDs) [17-20, 309, 310], which is one of the main causes of congenital defects. Even
with an incidence of 1 in 1000 pregnancies [17, 310], the etiology of NTDs is still largely
unknown. Additionally, some studies have shown that NTDs can be caused by exposure to

specific teratogens.

126



Imaging the process of NTC has been an important area of study for quite some
time. In 2017, OCT was used for the first time for live imaging of murine NTC [311]. The
process of closure involves shaping, bending, and fusion of the neural plates followed by
the propagation of the closure along the body axis [312]. Just like cardiac development, the
process of neural tube closure is driven by mechanical forces, driven by underlying cellular
processes. These biomechanical processes are dependent on the generated internal forces
and the stiffness of the fetal tissue [312-314]. Thus, it is important to understand how the
tissue deforms and reshapes during neural tube closure.

Several in vitro and in vivo techniques have been used to measure the mechanical
properties of developing embryos. Some of these techniques include laser ablation [315],
tissue dissection and relaxation [316-319], force inference [320-322], micropipette
aspiration [323-326], cantilevers and atomic force microscopy (AFM) [327-329],
microindenters and microplates [330-333], 3D traction force microscopy [314], optical
tweezers (OT) [334], magnetic tweezers [335], microrheology [336], Forster resonance
energy transfer- based tension sensors [337], and droplet-based sensors (DS) [338]. All
these techniques have revealed valuable information about the mechanophysiology of fetal
development. However, some are invasive, involve the use of external contrast agents, or
have poor spatial and temporal resolutions. For example, microindentation and AFM
require physical contact with the sample while force inference cannot provide quantitative
material properties. On the other hand, OT and DS provide quantitative information, but
require microinjections of external contrast agents or involve complex calibrations.

Different forms of elastography like AFM elastography [339], optical coherence

elastography (OCE) [332], and acoustic radiation force impulse (ARFI) imaging [340]
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have been used to study the biomechanics of embryos. However, resolution constraints for
subcellular imaging with OCE and ARFI and the need for external loading to induce
deformations might have detrimental effects on the developing embryo or may induce
additional perturbations to the already existing mechanical forces.

Brillouin microscopy has gained popularity recently for tissue and cellular
biomechanical assessments [341, 342]. It is an all optical method that probes the
mechanical properties of a material via light scattering where the interaction between an
incoming photon and acoustic waves generated from fluctuations within the sample creates
a very minute frequency shift in the scattered light. This frequency shift, called the
Brillouin shift, is directly linked to the longitudinal modulus of the material. Brillouin
microscopy can achieve submicron resolution with the use of a high numerical aperture
(NA) objective lenses and does not require any external loading during measurements.
Brillouin microscopy has been used to characterize various tissues, such as the crystalline
lens and cornea [343-345], the measurement of fibrous proteins of extracellular matrix
[346], and to map cellular and subcellular mechanics of live cells [347-350].

This section describes preliminary studies done probing the biomechanical changes
that occur during neural tube closure with the combined use of OCT and Brillouin
microscopy to study the effects of teratogens on NTC. OCT provided structural guidance
so that Brillouin microscopy could effectively measure the stiffness changes in embryonic

tissues.
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14.2 Materials and methods

14.2.1 Animal manipulations

Timed mating of CD-1 mice were set up and the presence of a vaginal plug was
considered gestational day (GD) 0.5. On the day of imaging, the mother was euthanized by
carbon dioxide inhalation and the embryos were dissected out. They were first imaged
using OCT. Then the embryos were transported to the University of Maryland, where they
were imaged using Brillouin microscopy within 24 hours of dissection. Initially, the
embryos were kept in 0.9% saline during imaging and transported. Next, the embryos were
embedded in 1% agarose with PBS before imaging, to maintain the same orientation of the
embryo while imaging by both imaging modalities. The first study involved imaging the
entire embryo at one developmental stage (GD 8.5) to measure the stiffness of different
organs at the same stage of development. The second study focused on imaging the neural
tube region at two different developmental stages (GD 8.5 and GD 9.5). Since the second
study was focused on imaging the neural tube region alone, embedding the embryos in
agarose helped ensure imaging was performed on the same region of the neural tube with
both imaging modalities. A total of 5 embryos were imaged for the first study at GD 8.5.
For the second study, two embryos each for GD 8.5 and GD 9.5 were imaged. The embryos
were kept cold, but not frozen during transportation and were brought back to room

temperature before imaging.
14.2.2 Brillouin microscope
The Brillouin microscopy set up (shown in Figure 14.1) was built by coupling a

Brillouin spectrometer with a confocal microscope. The laser source was a single-mode
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linearly polarized 532-nm continuous wave laser (Torus, Laser Quantum) with an output
power of approximately 10 mW. After passing through a half-wave plate and a polarizer,
the polarization of the laser beam was aligned to the input polarization of the polarized
beam splitter. The beam was then focused onto the sample with an objective lens (NA =
0.6, and magnification = 40x) with a spot size of ~0.5 pm x ~0.5 pm X ~2 um. The back-
scattered light was collected by the same objective and coupled into a Brillouin
spectrometer through a fiber coupler. A combination of a quarter-wave plate and a
polarized beam splitter was used to ensure that all the scattered light collected by the
objective lens was delivered into the spectrometer. The Brillouin spectrometer consisted of
a two-stage virtually imaged phase array in cross-axis configuration. The Brillouin
spectrometer was calibrated before and after experiments using standard materials with
known Brillouin frequency shift. For the experiments, the embryo samples were placed
onto a glass bottom dish and surrounded by the medium. Brillouin images were acquired
by scanning the sample with the help of an automated 3D stage, with a step size of 5um.
The parameters of the Brillouin system were slightly modified for the second study. More

details can be found here [351].
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Figure A3.1 Schematic of Brillouin microscopy setup. HWP: half-wave plate; P: polarizer; PBS:
polarization beam splitter; QWP: gquarter-wave plate; FC: fiber coupler.

14.2.3 OCT system

A home-built OCT system consisting of a swept source laser (HSL2000, Santec
USA, Corp., Hackensack, New Jersey) with a central wavelength of ~1310 nm, scan range
of ~150 nm, A-scan rate of ~30 kHz, output power of ~39 mW. The OCT system had an
axial resolution of ~11 pum (in air) and transverse resolution of ~16 um. More details of the
OCT imaging system are provided in previous work[67]. Figure 14.2 shows a schematic
of the OCT system used. Five A-scans were recorded at each location and A-scan averaging
was performed to increase the SNR. The images were corrected to physical dimensions

assuming that the refractive indices of saline and the embryos were 1.38.
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Figure A3.2 OCT system schematic. ADC: analog-to-digital converter; DAC: digital-to-analog
converter.

14.2.4 Relationship between Brillouin frequency shift and elastic moduli

The frequency shift of the scattered light caused by the interaction of the incoming
laser light with the acoustic phonons present within the material is called the Brillouin
frequency shift (uB). The relationship between vB and the high frequency longitudinal

modulus M’ (the ratio of uniaxial stress to uniaxial strain) of a material is given by:

2n

vB =2 (M7) sin(6/2), @)

where A is the wavelength of the light source, n is the refractive index of the material, p is
the density of the material, and © is the angle between the incident and scattered lights.
Since this work uses backscattering, ©= 180°. In order to obtain the longitudinal modulus,

the value of p/n?is required. Although the density and the refractive index varies at different
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locations in the sample due to its inhomogeneity, studies have shown that the variations in
the ratio p/n? are fairly small for various biological samples such as cells and the cornea
[344, 349]. Thus, the measured Brillouin shift is approximately proportional to the standard
longitudinal modulus. The relationship between high-frequency longitudinal modulus and
traditional quasi-static Young’s or shear moduli that are generally used for material
characterization is straightforward in crystalline material. However, the relationship is not
well understood in biological tissues. For soft materials, such as biopolymers, biological
tissues, and cells, the longitudinal modulus is generally much higher than the other
traditional measures due to the incompressibility of the material and the frequency
dependence of the modulus. It has been reported that empirically, the longitudinal modulus
(M”) measured by Brillouin microscopy has a log-log linear relationship to the

conventional Young’s modulus (E’) given by:
log(M'") = a.log(E") + b, 3)

where a and b are material dependent coefficients [343]. For this study, the Brillouin shift
is reported as a metric of the mechanical properties of the embryo as it is the direct

parameter measured in the experiment.

14.3 Results
14.3.1 Stiffness differences of different regions of a developing embryo

A total of 5 embryos were imaged in this study. Figure 14.3 (a) depicts a 2D
mechanical map of a sagittal plane of an embryo measured by Brillouin microscopy. Figure

14.3 (b) shows a similar 2D cross-sectional plane obtained from the 3D OCT image shown
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in figure 14.3 (c). The neural folds, developing heart, and the neural tube/somites of the
embryo can be identified in figure 14.3 (a) using the OCT image in figure 14.3 (b) as a

reference.
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Figure A3.3 Images of embryo at GD 8.5. (a) 2D elasticity map obtained using Brillouin
microscopy from one sagittal plane (b) 2D OCT image of a similar sagittal plane of the
same embryo in (a). (c) 3D OCT image.

Mean Brillouin shift values of different regions of the embryo depicted by the
dotted black circles in figure 14.4 (a) are plotted in figure 14.4 (b). From figure 14.4 (b)
we observe that at GD 8.5, the neural tube/somites are much stiffer than the neural folds
and the developing heart.
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Figure A3.4 (a) 2D elasticity map obtained using Brillouin microscopy from one sagittal plane with
labeled regions for quantifying embryo tissue stiffness and (b) stiffness quantifications of
labeled regions.
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14.3.2 Stiffness changes during neural tube development

Murine embryos at two different developmental stages were imaged to assess the
biomechanical properties of neural tube before (GD 8.5) and after (GD 9.5) closure.
Figures 14.5 (a) and (b) show OCT images of the neural tubes of the embryos at stages GD
8.5 and GD 9.5 respectively, while figures 14.5 (c) and (d) show the corresponding
Brillouin images. From the Brillouin images, it is clearly seen that the neural tube stiffens
after closure. The mean Brillouin shift of the entire neural tube region was calculated, and
results showed that the Brillouin shift value of the closed neural tube was 0.21 GHz greater
than the open neural tube (Figure 14.5 (e)). This amount of frequency difference

corresponded to ~80% relative increase in Young’s modulus as per the relationship

between Brillouin-derived longitudinal modulus and Young’s modulus.

l 775

ES.5 E8.5

Figure A3.5 OCT cross sectional images of the neural tube of embryos at (a) GD 8.5, and (b) GD
9.5. (c) and (d) are Brillouin images at the same cross-sections depicted by OCT in (a) and
(b). (e) averaged Brillouin shift of the neural tube tissue at GD 8.5 and GD 9.5. All scale
bars are 100 pm.
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Next, the modulus distribution along the neural folds were assessed after neural
tube closure. Figures 14.6 (a-c) show 2D OCT cross-sections of three regions of the cranial
neuropore. All three images confirm neural tube closure at these three different locations.
The corresponding Brillouin cross-sections, depicted in figures 14.6 (d-f), showed modulus
gradients along the neural tube. This was verified by dividing the entire neural fold region
into several sub-regions and quantifying the mean Brillouin shift in each of these individual
regions. These values were plotted and are shown in figures 14.6 (g-i). The Brillouin shift
in the neural tube fusion region is much less than that of the adjacent neural folds. The
difference in the shift values were within a range of 0.14 and 0.28 GHz, indicating that
compared to the fusion region, the adjacent neural folds were ~60-100 % stiffer, in terms
of Young’s modulus. The plots also showed a decrease in modulus from the dorsal to the
ventral region, depicted by the green arrows in figures 14.6 (g-i). Since a similar
phenomenon wasn’t observed at GD 8.5, this gradient could be related to the translocation
of neuroepithelial cells in the ventral-dorsal direction during later development [352],

indicating that this may play a crucial role in neural tube closure.
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Figure A3.6 (a-c) OCT cross-sectional images of the neural tube of a GD 9.5 embryo. (d-f) Brillouin
microscopy images of the cross-sections depicted by the yellow boxes in figures (a-c); (g-
i) Brillouin shift of the different segmented regions of the neural tube. All scale bars are
100 pm.

The ectoderm is the layer surrounding the closed neural tube. This layer is usually
only visible when a cell labelling technique is used. However, the 2D Brillouin maps
obtained in this study were able to distinguish this layer from the remain neural tube tissue.
The dashed white line in figures 14.7 (a-c) show this ectoderm layer. To quantify the
difference in Brillouin shift, if any, between the neural folds (excluding the fusion region)
and the ectoderm layer, the mean Brillouin shift value of three regions, the left and right
sides of the neural tube, as indicated by the red dashed boxes in figures 14.7 (a-c), and the
ectoderm layer was calculated and plotted in figures 14.7 (d-f). While the mean Brillouin
shift values of the two sides of the neural tube were very similar, the Brillouin shift of the
ectoderm layer was much smaller. This suggested that the ectoderm layer was ~80.4%

softer than the closed neural tube in terms of Young’s modulus.
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Figure A3.7 (a-c) Brillouin images of neural tube at different depths as shown in figure 5.6 (d-f).
(d-f) Average Brillouin shift values of neural tube tissue (red dashed lines) and the
ectoderm (dashed white lines). All scale bars are 100 pum.
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14.4 Discussion and conclusions

In this section, preliminary studies to assess the stiffness of fetal tissues and changes
in the biomechanical properties of the neural tube during closure were performed at
different developmental stages. OCT provided structural guidance, and Brillouin
microscopy was able to create mechanical maps of different cross sections of fetal tissue
during development.

The neural tube closure is a highly dynamic process involving mechanical
manipulations, which involves thickening, lengthening, elevating, and bending the tissue.
All these processes are driven by mechanical forces at a cellular level. The changes in tissue
stiffness observed in this study could be a result of all these processes and the forces driving
these processes. McShane et al. reported an increase in cell density dorsolaterally compared
to the ventromedial folds [352]. As tissue stiffness is closely related to cell density [353,
354], the modulus gradient observed in this study could be due to this difference in cell
density that has been reported. However, more work is needed to provide closer and more
direct correlations.

The relationship between the high frequency longitudinal modulus obtained from
the Brillouin technique and the quasi-static Young’s modulus measured by conventional
methods is not clearly known. However, several studies have shown empirically that the
moduli are strongly correlated [343, 349, 354]. A material-dependent calibration is
required to obtain an accurate conversion from the longitudinal modulus to Young’s
modulus. For this study, the estimations of Young’s modulus reported are based on
calibrations from the retina. Future work will involve direct calibrations on neural tube

tissue.
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As shown in equation (2), the value of the Brillouin shift is also related to the
density of the material (p) as well as the refractive index (n). The effects of these parameters
were not investigated as a part of this study. Previous studies suggest that these two
parameters are usually coupled with each other for biological samples such as cells and
tissues [355, 356] and the ratio of n/vp is nearly constant for cells [349]. A direct
measurement of density and refractive index of embryonic tissue would also be a part of
future work to be able to assess the longitudinal modulus more accurately. All
measurements in these studies were conducted post-mortem, but future studies will image
live embryos. Live imaging might cause a change in absolute values of the moduli but may
not change the gradients observed here. This is a subject for future studies as well.

Due to elastic scattering from the embryonic tissue, the intensity of the Brillouin
signal in this study dropped quickly as the imaging depth increased. This limitation could
be surpassed using an advanced illumination strategy based on adaptive optics techniques
[357].

Finally, as mentioned earlier, the long term goal is to study the effects of prenatal
exposure to teratogens during the first trimester of gestation on NTC and its biomechanical
dynamics. The process of neurulation occurs at a stage particularly vulnerable to teratogens
during embryonic development [358]. Understanding the effects that teratogens have on
NTC based on changes in tissue stiffness during embryogenesis would complement

existing molecular and genetic research and provide new insights.
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